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Please replace the first full paragraph on page 34 with the following: 
Figure 11 shows the results obtained from emission spectral analysis. The spectra have been 
normalized to allow easier visualization of the emission wavelength data. Figure 9 shows the 
reversibility of denaturation for an entrapped protein. 



IN THE CLAIMS: 



In accordance with 37 C.F.R. § 1.121, please substitute for claim 55 the following 
rewritten version of the same claim, as amended. The changes are shown explicitly in 
the attached "Marked-Up Version of Amended Claims to Show Changes Made." 

^ <^ 55. (Amended) A carrier comprising a matrix of inorganic, organic, or organic 
and inorganic material and containing a biomolecular interaction entrapped within the 
matrix wherein the biomolecular interaction comprises two or more biological species 
that can be reversibly dissociated from the other under dissociating conditions. 



REMARKS 



The Official Action dated October 22, 2002 has been carefully considered. It is believed 
that the following comments represent a complete response to the Examiner's rejections and 
place the present application in condition for allowance. Reconsideration is respectfully 
requested. 

I. Summary of the Amendments to the Specification and Claims 

^^he application has been amended to correct minor typographical errors. In addition, 
claim(55^as been amended to recite that the biomolecular interaction comprises two or more 
biological species that can be reversibly dissociated from the other " under dissociating 
conditions ." 

It is acknowledged that the foregoing amendments are submitted after final rejection. 
However, because the amendments either place the application in condition for allowance, or 
at least in better condition for appeal, entry thereof by the Examiner is respectfully requested. 
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II. Rejection of the Claims Under 35 USC § 112, First Paragraph 

Claims 50 - 65 were rejected under 35 U.S.C. § 112, first paragraph, on the basis that 
the claims were not enabled by the disclosure. Office Action at page 2. In support of this 
ground for rejection, the Examiner stated that the disclosure does not teach a person skilled in 
the art to practice the claimed invention without undue experimentation. The Examiner further 
stated that the application only teaches a person skilled in the art how to dissociate a 
biomolecular interaction in the presence of urea, GdHCl, or under thermal conditions. 
Applicants traverse this rejection as follows. 

First, it should be noted that the present application is not directed to "novel" 
biomolecular interactions per se. The claims currently under consideration are directed to a 
carrier that comprises a biomolecular interaction entrapped within a matrix , wherein the 
biomolecular interaction comprises at least two biological species that can be reversibly 
dissociated from the other within the matrix . One of the main embodiments of the invention is 
a composition of,matter-that can be used to study what affects the dissociation or association of 
biological species within a biomolecular interaction. The ability to reversibly dissociate within 
the matrix is important and is a characteristic that defines the carrier claimed; however, the 
claims do not need to be limited to specific dissociating factors. This is especially true as one 
of the embodiments of the invention is to identify and study dissociating factors and a person 
skilled in the art would know that dissociating factors may vary depending on the matrix used, 
the biomolecular interaction, and the use of the carrier. For instance, there are many prior art 
references on the disruption of protein-protein interactions, such as: 

1. Orosz et al., "Effects of calmodulin antagonists on antibody binding to calmodulin. 
Distinct conformers of calmodulin induced by the binding of drugs," Biochemical Journal, 
2S^(3):803-8 (1992); 

2. Erickson et al., "Reverse two-hybrid method for screening for molecules inhibiting 
protein-protein interactions," PCT Int. Appl. No. WO 95/26400 (1995); 

3. Fields et al., "The two-hybrid system: an assay for protein-protein interactions," 
Trends in Genetics, 70(8):286-92 (1994); and 

4. Fernandes et al., "Technological advances in high-throughput screening," Current 
Opinion in Chemical Biology, 2(5):597-603 (1998). 
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A person skilled in the art upon reading the description of the present application would 
appreciate that the reversible dissociation in the invention can be caused by denaturants or 
other molecules, such as antagonists of the biomolecular interaction. It could also be that the 
biological species of the biomolecular interaction are coupled and then dissociated upon the 
addition of an antagonist or a change in other conditions such as pH, temperature, GdHCl, or 
urea levels. In one embodiment, the claimed invention provides a screening method for 
potential antagonists and dissociating factors. Even if one does not specify the antagonist or 
denaturant factor, the matrix and biomolecular interaction will be such that it can reversibly 
dissociate within the matrix. 

The biomolecular interaction can start in a complexed configuration and the dissociation 
can be monitored in the presence of potential antagonists. Alternatively, the biomolecular 
interaction can be in a non-complexed form and the formation of the complex can be 
monitored in the presence of potential antagonists or other conditions. This is described in the 
application at page 7, lines 3-9, wherein the initial florescence signal of the biomolecular 
interaction in the complex is first measured and then subsequently the complex is reversibly 
disrupted. 

Although denaturing the complex is one embodiment of the invention and is useful 
especially when the biomolecular interaction complex is tightly associated or has slow on/off 
rates, the invention should not be so limited. Some inhibitors or dissociating factors can act 
allosterically, i.e., by binding to a site away from the interface that induces a conformational 
change in a protein and dissociation of the interaction. Alternatively, the complex can be 
dissociated directly by antagonists if the on/off rates for formation of the complex are such that 
there is sufficient dynamic motion to allow a small molecule to insert into the interfacial 
region, thus dissociating the protein complex. These concepts were known in the art. As such 
a person skilled in the art would be aware that the complex could be denatured or dissociated 
by other means, such as a compound that disrupts the complex, as suggested at page 2, line 1, 
of the application, and the invention would not be limited by the use of specific denaturants 
per se or by other environmental or matrix conditions. 
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This was also confirmed in a subsequent paper by the inventors enclosed herewith 
{Analytca ChimicaActa, 470:19-28 (2002). See 3.3, pages 24-26 and "Conclusions" at page 
27, where it is stated that a protein-pep tide interaction in a sol-gel derived material can be 
dissociated by antagonists). At column 1, end of the first paragraph, the paper states that 
" [T]he ability of small molecule inhibitors to enter the glass and reversibly dissociate the 
complex indicated that the entrapped complex is suitable for screening of antagonists in a high- 
throughput format". 

As such, it should not be necessary to specifically set out and have examples for each and 
every potential combination of components that can be used to dissociate biological species in 
a particular biomolecular interaction. What the inventors need to show is that a biomolecular 
interaction can be incorporated into a matrix in a manner wherein it is entrapped but can be 
reversibly dissociated. The claimed invention enables a person skilled in the art to do just 
that. The present inventors have shown that one way to study, use, and manipulate 
biomolecular interactions is to entrap the components in a matrix that enables the interaction to 
be reversibly dissociated and thus enabling one to manipulate, use, and/or further study the 
interaction. The conditions under which this is done would not require undue experimentation 
by a person skilled in the art especially as the best mode of practicing the invention and 
scientific principles of the invention are clearly described. 

III. Conclusion 

In view of the foregoing, it is submitted that the application is in condition for allowance 
and an early indication to that effect would be greatly appreciated. 

The Examiner is invited to contact the undersigned by telephone if it is felt that an 
interview would advance the prosecution of the present application. 
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If there are any fees due in connection with the filing of this Amendment, please charge the 
fees to our Deposit Account No. 19-0741, If a fee is required for an extension of time under 37 
C.F.R. § 1.136 not accounted for above, such an extension is requested and the fee should also 
be charged to our Deposit Account. 

Respectfully submitted, 



FOLEY & LARDNER Michele M. Simkin 

Washington Harbour Attorney for Applicant 

3000 K Street, N.W., Suite 500 Registration No. 34,717 

Washington, D.C. 20007-5143 
Telephone: (202) 672-5538 
Facsimile: (202) 672-5399 
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Marked Up Version of the Changes to the Specification and Claims 
IN THE SPECIFICATION ; 

Please replace the last full paragraph on page 2 with the following: 
According to another embodiment the present invention provides a carrier containing a 
biomolecular interaction wherein the biomolecular [bimolecular] interaction is bioactive. 
According to another embodiment the carrier is also bioactive, preferably either bioactive form 
is pre-treated to contain components found in an animal fluid, preferably the pre-treatment is 
by immersion in a solution containing components found in an animal fluid for a period of up 
to about seven days prior to use. According to one embodiment of this aspect of the invention 
the animal fluid is interstitial fluid. Preferably such carrier is synthesized under sterile 
conditions or sterilized subsequent to synthesis using conventional sterilization methods. 

Please replace the first full paragraph on page 3 with the following: 

In another embodiment of this bioactive aspect of the biomolecular [bimolecular] 

interaction, where the carrier may also be bioactive, the carrier provides controlled release of 

the biologically active biomolecular interaction over time. 

Please replace the third full paragraph on page 3 with the following: 
In another aspect of the invention there are provided methods of preparing the carrier and 
the biomolecular [bimolecular] interaction incorporated in the carrier. 

Please replace the third full paragraph on page 4 with the following: 
According to yet another embodiment [emboiment] the partial drying is at 
temperatures from about 4"" to about 40°C. 

Please replace the fourth full paragraph on page 4 with the following: 
In another aspect of the invention there is provided a method for the preparation of a 
carrier having a bioactive biomolecular [bimolecular] interaction incorporated in the carrier. 
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Please replace the last full paragraph on page 4 with the following: 
According to one embodiment of this aspect, the method comprises: 

(a) incorporating the bioactive biomolecular interaction in a carrier; 

(b) hydrolysis and polycondensation of at least one monomer to provide a solid 
matrix bonding the bioactive biomolecular interaction which is incorporated [incorpoerated] 
in the carrier ; and 

(c) imparting mechanical, chemical and thermal stability in the matrix. 



At page 5, please replace the fourth full paragraph with the following: 
In yet another aspect of the invention there is provided a method of treating an animal 
with a carrier and a biomolecular [bimolecularl interaction of the invention. According to one 
embodiment the method comprises administering an effective amount of a biologically active 
biomolecular interaction contained in a carrier such that the animal is thereby treated. 
Preferably the treating is by site-specific targeting in the animal. More preferably the 
effective amount of a biologically active biomolecular interaction is a chemotherapeutic for 
treating cancer. 

Please replace the paragraph bridging pages 6 and 7 with the following: 

According to another broad aspect the invention provides materials and methods of 
high throughput screening for compounds or substances which inhibit protein-protein 
interactions, but as will readily be appreciated, the methods and materials described herein 
may be used to assay any substance-substance interactions. In this respect the invention 
provides a method of high through put screening for a substance which inhibits or binds a 
biomolecular [bimolecular] interaction. According to an embodiment of this aspect of the 
invention the method comprises the steps of: 

(a) incorporating a biomolecular [bimolecular] interaction within a carrier. 
Preferably the biomolecular [bimolecular] interaction is a population of a purified protein 
comprising a binary protein-protein interacting pair is encapsulated in a carrier. This protein 
is preferably designed so that it has a solvent-sensitive fluorescent probe at or near the dimer 
interface or has one protein partner labelled with a fluorescence energy donor and the other 
protein partner labelled with a fluorescence energy acceptor to allow fluorescence resonance 
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energy transfer (FRET) to occur between the protein partners, preferably in a distance- 
dependent manner. 

(b) forming an array of sol-gel derived spots on a support wherein each spot 
contains a biomolecular [bimolecular] interaction; 

(c) measuring a signal from the interaction in the absence of any other 
substances; Preferably the initial fluorescence signal (intensity, emission wavelength, 
polarization and/or lifetime of a single probe, a donor and/or an acceptor) of this complex in 
the absence of any other compounds is first measured. The fluorescence signal indicates that 
the pair of proteins is in a complex. 

(d) reversibly disrupting the biomolecular interaction [bimoleular interactin] 
such that the signal is detectably [detectabliy] altered; Preferably the sample is sufficiently 
denatured (if necessary) to cause a reversible disruption of the binary protein-protein 
interaction, causing the signal of the reporter at the protein-interface or of the donor-acceptor 
pair to be significantly altered. 

(e) the substance is added to the biomolecular [bimolecular] interaction in the 
carrier, and reversing the disruption; and 

(f) measuring the signal; The denaturing conditions (if used) are reversed to 
cause the binary interacting system to reform in the sol-gel matrix. The original fluorescence 
signal of the attached probe or donor-acceptor pair is recovered if no disruption of the complex 
occurs (i.e., target is not a drug candidate). Where the original signal is not recovered, the 
substance is determined [determned] to bind or inhibit the biomolecular [bimolecular] 
interaction. The substance is considered to have disrupted the protein-protein interaction, and 
can be tested further as, for example, a potential drug candidate. 

At page 7, please replace the first fiill paragraph with the following: 
In a preferred [prefered] embodiment the signal generated by the assay is due to 
excitement by a He Cd laser through an optical fiber and the signal, preferably fluorescence, 
and is preferably detected through the same fiber, as shown in Figure 21. 
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At page 10, please replace the first full paragraph with the following: 

As used herein, the expression "interfere with" and like expressions mean inhibiting, 

reducing, diminishing or blocking the interaction between the members of a biomolecular 

[bimolecular] interaction. 

At page 10, please replace the second full paragraph with the following: 

The term "interaction" as used herein means the binding, association, or complexing of 
the members of a biomolecular [bimolecular] interaction and includes intramolecular binding, 
association or complexing, regardless of the degree of association between molecules, or intra 
molecular ly, however the association is formed. 

At page 10, please replace the sixth full paragraph with the following: 

The term "containing" as used herein means any form or type of integration, or 

incorporation such that the substance or substances, including biomolecular [bimolecular] 

interaction, is/are able to be carried by a carrier. 

At page 22, please replace the second full paragraph with the following: 

The invention contemplates a method for screening a compound to determine the degree 
of inhibition or stimulation (i.e. binding) of a biomolecular interaction by the compound, or if it 
interferes with the biomolecular [bimolecular] interaction. The method involves contacting a 
compound to be tested with molecules of a biomolecular interaction incorporated within a carrier 
as described herein. The molecules are preferably not complexed but are capable of forming a 
biomolecular interaction in the carrier. Therefore, a method of the invention may initially 
involve disrupting a biomolecular interaction by applying a denaturant (e.g. temperature, pH, or 
urea). The denaturation of the interaction may be achieved using a cycHc denaturation 
(temperature, urea, or pH cycling). The screening method is carried out under conditions suitable 
for the formation of a biomolecular interaction. The conditions are selected having regard to 
factors such as the nature of the molecules forming the interaction. In a preferred method of the 
invention the carrier is a silica based glass, most preferably a sol-gel derived glass. The 
biomolecular interaction within a carrier is preferably cast on the surface of an optical fiber, 
planar supports (waveguides), a slide, a microtiter well or an array of sol-gel derived spots 
formed by pin spotting, stamping, inkjet deposition or screen printing. 
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Please replace the first full paragraph on page 33 with the following: 
Once it was determined that reversible denaturation of the entrapped complex was 
possible, we examined the ability of a known inhibitor of the complex, trifluoperazine (TFP), to 
disrupt the complex. Control experiments involved an examination of the interactions of TFP 
with the intact complex, melittin, BCaM, and non-functional complex, obtained using apo 
BCaM. Interaction of TFP with apo or holo calmodulin alone resulted in no changes in 
spectroscopic properties. The interaction of TFP with melittin and with the intact 
BCaM:melittin complex are shown in Figures lOA and lOB. Note that no wavelength 
[wavlength] changes occurred during this titration (not shown). [.] 

Please replace the first full paragraph on page 34 with the following: 
Figure 11 shows the results obtained from emission spectral analysis. The spectra have been 
normalized to allow easier visualization of the emission wavelength data. Figure 9 shows 
[shows] the reversibility of denaturation for an entrapped protein. 

IN THE CLAIMS : 

55. (Amended) A carrier comprising a matrix of inorganic, organic, or organic 
and inorganic material and containing a biomolecular interaction entrapped within the 
matrix wherein the biomolecular interaction comprises two or more biological species 
that can be reversibly dissociated from the other under dissociating conditions . 
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EflFects of calmodulin antagonists on antibody binding to 

calmodulin 

Distinct c nformers f calmodulin induced by the binding of drugs 

F^renc OROSZ,r Karoly LILIOM, Nina A. BARKHUDARYAN,* Lorani HORVATH and Judit OVADI 
[nsiituie of En2yinology, Biological Research Center, Hunganan Acacemy of Sciences, Budapcsi, P,0. Box 7. Hungary 



An indircci cnzyme-Uniced immunosorbent assay has been used lo study ihe inieracuons between calmodulin and two 
calmodulin aniagontSts, iriflaoperazmc and a neuropeptide isolated from the hypothalamus. The binding of a 
monospecific anii-calmoduJin antibody, raised m rabbit against diniiropnenylaiec calmodulin, to calmodahn >^as tested 
at various concentrations of these drugs under cc^uiUbfium condition:;. Tnfiuoperaxme at low concentrations siimuliited, 
but at relatively high concentrations inhibited, imraunocomplex formauon. The neuropeptide displaced the antibody from 
calmodulin at nanomolar concentrations. Enzymc-linked immunosorbent assays were also earned out with the large 
trypiic fragments of calmodulin. The results suggest that (i) the C-terminal fragment bmds the antibody with an affinity 
which IS comparable with that of inxaci colmoduhn ; (ii) ihe neuropeptide can form complexes wiih both AT- and C-terminal 
fragments, but with two orders of magnitude less acirviiy m case of the C-terminal fragment; and (lii) influoperaziae does 
not snmulatc anubody binding to the C-wrminal fragment. Therefore the ternary structure of caimoduhn musi be intact 
to ensure long-dislance interactions between the binding &tes of trifluoperazine, the neuropepuce and the antibody. Th«*e 
interactions may produce distinct conformcrs of calmodulin which may exhibit altered potency, not only for antibody 
binding but also for sumulation/inhibition of target enzymes. 



INTRODUCTION 

Calmodulin (CaM) is a ubiquitous Ca-'^-bmdmg protem, the 
stnictare of which undergoes large Ca^-^-dependeni changes [1]. 
The hydrophobic binding sites on its surface bind and activate/ 
inhibit as many as 30 different proteins. (See refs. [2-5] for recent 
reviews). 

Certain drugs can bind to these Sites with high affinity and 
moderate the mieractions of CaM, Detailed studies on the 
structural properties of CaM and some CaM antagonists have 
been published [6,7], but very lilUe is still known about the 
molecular consequences of the mteracuon of CaM with com- 
pounds of anii-CaM activity Smce these compounds are pro- 
foundly different both siruciurally and pharmacologically, the 
finding that CaM interacts with all of them is indeed intngumg- 
Ii is also uncertain how ami-CaM drugs can bind to CaM and 
modify the siiraulatory/inhibiiory effects of CaM on different 
enzymes. 

Trifluoperazine (TFP), a phenoihiazine which is the classic 
CaM antagonist, binds to two distinct sites, one on the C* 
tcrmmaJ and one on the ;V-terminal domain of CaM [8], and it 
antagoni2es CaM- binding target enzymes. Five glycopepiides 
wjin coronaro-constnctory properties have been isolated from 
bo^ane hypothalamus [9], and deierminauon of their amino acid 
compositions has shown high Ser, Gly and Glu content [9]. These 
peptides simulate the CaM-senSitive activity of myosin light 
chain kinase [10] and influence the activity of CaM-dependent 
cyclic nucleotide phosphodiesterase [1 IJ. We have shown that 
CaM is a potent target for these hypothalamic peptides [12]. The 
most effective CaM antagonist is mvesti gated in the present 
study 

Drabikowski and his co- workers have shown that under 
controlled conditions m the presence of Ca=*, CaM can be cleaved 



by trypsin mto two large fragments at a well-defined cleavage site 
[13, 14]. These large fragments of calmodulin obtained by Uimied 
trypsin digestion were used to study how the different target 
enzymes interact with the binding domain of CaM. U has been 
found that different fragments stimulate the CaM-dependent 
cyclic nuclcoude phosphodiesterase [\S] and the erythrocyte 
Ca-^-ATPase [16], Similar experiments were carried out with two 
amphipathic peptides, mehllin [17] and mastoparan [18]. It has 
oeen shown that melittm can form complexes with both trypliC 
fragments, but with three Orders of magnitude less affinity 
compared *ith binding to CaM itself [17]. Mastoparan has a 
binding affinity to the isolated C-terminal irypuc frasment of 
CaM that is almost the same as to intact CaM [18] 

Antibodies can be used as highly specific reagents to study the 
binding of ligands as well as macromolecules to antigens. A 
crucial step in the formation of an immunocomplex is the spcafic 
recognition of the antigen by the anubody. The antigen-antibody 
reacuon in a homogeneous liquid phase is a well-studied process 
(for review, see [I9D. A sensitive and simple technique for 
investigation of the binding of antibody to CaM or CaM^rug 
complexes is a solid-phase method. Such as e.l.i.s a In this 
method one of the reactants is immobihzed on a solid surface. 

We have developed an expenmental system in which binding 
of the antibody to the solid-phase- bound calmodulin has been 
studied under equilibnum conditions [20,21]. Compeiuive 
e.J.i.s.a. experiments have shown that the affinity of antibody for 
caimoduhn on the surface and in solution is nearly the same [21]. 
This finding suggesu that antibody binding measured by e.Li.s.a. 
may reflect the intrinsic afiBniiy of the anubody measured in 
solution, and that the global conformational change of CaM 
due to immobilization can be excluded. In consequence, the 
e.l.i.s.a method can be used to study the effects of drugs on the 
accessibility of the antigcmc site of CaM. 
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In ihis study, we have invesugaied ihe mieracuon bciween 
s;ruciui« and biological acuvUy u««g md^nrct 

for ihTimporiance of the naiive confonnaaon of C«M m *e 
bmding pr^. This approach imders il possible lo d,ffercn- 
d^r^iloni &e drug-binding sites and lo demonsiraK co- 
opcraiivc inieracuons widiw ihc CaM molecule. 



MATERIALS AND MFTHODS 

TFP was kijidly provided by Chinoin Chemical Works 
(Budapest. Hunea^y). Aceioiuirilc (LiChrosolv. g^ciu grade) 
from Merck (Darmstadt, Germany). All other ch^ica^ 
w«e high poriiy commercial preparations from Rcanal 

(BudaDcSi, Hungary). . , , .-v > — 

A coronaro-consmciory pepudc (molecular mass 3 kDa) ^ 

isolated tVom bovine hypothalamus by gd ^^^^^^^^.^f 
C-IO, lon-exchangc chromaiography on Oowe;t 50W and 
semipreparauve arid anaJyutral reverse-phase ^-pXc. usmg a 
LiChrosorb C-S column (16 mm x 250 mm) and a Nackcsil 
C-18 column (4.6 mm x 250 mm) respectively [9]. 

CaM from bovine bram was purified lo homogeneity using 
TFP--Sepharose-4B chromaiography (22]. Kabbiis were mimun- 
iaed with l-fiaoro-2.4-dinitrobenzcne-dcnvaiizcd bovine CaM as 
aescnbed m [23]. The IgC fracuon was isolated from ihe 
antiserum using the QAE-Sephadex A-50 (Pharmacia) chroma- 
lograpnic method [24]. Monospecific *intibodies v^crc furvhcr 
ounfieu on a CaM-SepharosC'4B afiiniiy column [20.24j, then 
concentrated In an Amicon ulirafiliralion cell, dialysed against 
0 05 M-sodium carbonate/bicarbonate buffer, pH 9.6, ana stored 
at 4 in Ihe presence of 0 02% NaN,, 

Standard e.Li-s.a. protocols [25] for mdirect assays were used 
with some modiftcaiions as foUows. For the indirect non^ 
compctii»ve assay, coaling of 96-welI microuuie plaie with CaM 
m the presence of I mM'Ca=- was carrica out for 18 h at 
6°C [12]. Aniibodies ww diluted m wells, and the plate was 
allowed lo stand for 2 h ai room temperature. Coat anu-(rabbu 
Ig) conjugated with horseradish peroxidase (Human, Budapest, 
Hungary) at I ■ 1000 dilution was aUowed to rateract for 2 h at 
room lemperaiurc. O-Phenylencdiamine 3 7 mM, with peroxide 
added, was used as the substrate solution Absorbances were 
read at 492 nm after I h of substraie hydrolysis. 

To study the effect of drugs on immunocomplex formauon 
plates were coated witn 2.5 /*g of CaM/ml (in the presence of 
1 mM-Ca-'). Dilutions of CaM antagonists were prepared on a 
separate plate and aniibodies were added to each well to pve a 
fiiUl antibody concentration of 2,5 /.g/ml. The plate was allowed 
to stand for 1 h at 4 «C. The total content of eacn weU was then 
transferred to the appropnaie wells of the coated plate and 
allowed to stand for 2 h at room icmperaiure. This mcubauon 
lime was sufficient to obtain cquihbrium values Subsequent 
steps were the same as those described for the non-compeuuvc 
assay. 

CaM was digested with trypsin as described in [13] in the 
presence of 0. 1 mM-CaCl, m a soluuon of 2 mg of CaM/mi. The 
fragments were purifieC by using reverse-phase h.p.Uc. as de- 
scribed below. Both frugmenis were homogeneous when exam- 
ined by elccirophoresis on a 12.5% polyacrylamide gel m 8 M- 

CaM fragments were isolated on reverse-phase h p.l.c, 
using a UChrosorb 5 ftP-l8 column (4.1 mm;. 250 mm; 5yum 
particle size; Bio Separauon Technologies, Budapest, Hungary) 
and a Waters (Milford, Ma, U.S.A.) U6iC injector. Two Waters 



h. Urosz ana omcrs 

h p I c pumps (model 510) were regulated by a Waters automated 
giadicnl controller Cmodel 6S0). The effluent was momioredat 
214 nm using a Waters absorbanoe detector (model 441). The 
data were analysed by a Waters digital inwgrator (model 740). 
AU solutions were purified on a 0.45 >tm-pore-size filter (Micro 
Filtration Systems, Oubhn, CA, U.S.A.) and degas^ before 
use Details of the gradient are given in the legend to Fig, 3. i ne 
fragments were collcciec, lyophilizcd and stored at -20 C 

RESULTS 

Optimtxanon of indir^fCi e.lJ^^ 

An effective method for the study of the interacuon of CaM 
with biologically acuve compounds is mdireci e.l.i.s.a.; the 
immobili2ed CaM captures the antibody from the test sample 
depending on its reactivity, which is then detected by the enzyme- 
labelled anii-IgG. Il has been reported that CaM has a smglc 
antigenic site [25,26] within the C-terminal domain [26^7], and 
that the monospecific antibody binds lo a continuous segment of 
amino add residues (137-143). To ascertain that this is mdeed 
ihe case with the antibody used in our expenmenis, a set of 
^sandwich' el.i.s.a, measurements was carried out. In this 
expenmeni at least two aniibodies, enzymc^labeUcd and non- 
tabelled. should have reacted with the same molecule of CaM. 
However, horseradish peroxidase^onjugaied antibody could not 
react wiift the immobilized anubody-CaM complex [20]. 

Based on the opumizauon experiments [201, 2.5 of CaM/ml 
and 2.5 ^g of antibody /ml were found to ensure the very sensitive 
detection of binding between andgen and anubody. Fig \ shows 
the uaut of antibody tiirauon ai a concentration of coaied CaM 
of 2,5 j«s/ml at equilibnum. After the amigen-aniibody reaction 
the second immunoglobulin (anu^aniibody) conjugate was added 
at a 1 : lOOO dilution, which provides a broad range tn the linear 
poruon of the e.Ki.s a. plot and a defined plateau in the region of 
antigen saturation [21]. Therefore the values can be used to 
determine the amount of antibody bound to ihe immobihzed 
CaM. 

Effecc of TFP and the neuropeptide on the Imidtng of antibody 
CO CaM 

In one set of expenments, TFP or ihe neuropeptide at various 
concentrations were added lo the opumizcd indirect e.l I.s.a, 
assay and v4^„ values were read. As shown in Fig. 2, the binding 
of antibody to CaM depends on both the chemical struciure and 
the concentration of the molecules. 

TFP, the classic CaM antagonist, affected immunocomplex 
formation in a complicated way At relatively low drug concen- 
iraiions it stimulated the bmding of antibody 10 the intaci CaM, 
wiih a maximum at 3.9 >iM-TFP. whereas at higher concentrations 
TFP displaced or prevented the Oinding of antibody to CaM, It 
should be noted that the concenirauon of TFP at which maxirnuro 
binding appears depends on the concentration and the reactivity 
of antibody used m a given expenmeni (results not shown), 

A neuropeptide isolated from the hypothalamus [9] is a potent 
inhibitor of the formation of unmunocomplex [12] (cf. Fig 2). 
The binding of antibody to CaM was'progressively inhibited by 
increasing the concentration of the peptide and the inhibiuon 
was already complete at very low peptide concenmiUOns. 

Interacdoo of tryptic calmodulin fragments with the anti- 
cahaodulin antibody 

To investigate the complex binding of TFP. e.l.i.sa. experi- 
ments were carried out on a CaM tryptic digest mixture and on 
Ihe purified N- and C-terminal fragments The same e.l.us.a. 
protocol was used throughout. 
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fragmenis C^) of CaM 
Wells were coated witii CaM and fmgmenis of 2.5 /*g/ml and 
1.25 /ig/ral respecwvcly 
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ITFP] or IneuropepHtlel tnM> 

Tig 2- EffecT of TFP (O) aw* Out nifUropepuilc ( x ) on ibe bindSng of 
aDnbod> to CaM 

The coaling ooncenxraTion of CaM u^as 2 5 ^g/ml ariO ihe ^miibody 
foncenirauon was 2.5ji*s/nii- The A^^„_ value in ihe ao^cncc of 
imtagoni>Ls was 0.511 ±0.o39 For otrtcr d^iiuls sec ihc Miitfnals 
and mcihodii scrciion. 



Highly purified iryplic peptides of CaM have been obiained b> 
ft.p 1 c. Trypuc cleavage of CaM m ihc presence of Cii=" results 
in two main frasmenis: CaM-(l-77) and CaM-(78-148) [14,16] 
According lo Guerini al. [16], ihc iwo main fragmenis can be 
separated by reversc-phase b.p I.e. : the C-terminal fragment with 
a reteoiion lime of 15.2 min as peptide CaM-(78--l48) anO the A^- 
lerminal fmemeni wuh a retention rime of 17 4 mm peptide 
CaM-(l-77) (Fig. 3). Tht retention time of intact CaM is very 
Similar to that of ihc A^-icnninal fragment on this reverse-phase 
h,p.l.c. column (17.8 mm). Fig 3 shows the limc^depenoent 
elutioo profile of the trypuc digest of CaM. After 60 min of 
limited proteolysis, miaci CaM could not be delected in the 




Ttme tmtn) 



3. Purificanon of CaM fragments by Teversc-phaiie b-pi^. 

Oirom^vgrams vcrc performed with flow raie of 1 ml/nun. A 20 /4 
sample of Ihc crude prowolysaie of CM (2.0 mg/ml) wtis injected. 
The colmnn *as eluicd w)in 10 mM-(NHj,CO,/acctonurils: (9.1. 
v/v) for 5 min, followed by an increasing hnear accioimrile gnidicni 
to a tinal conctnlratiOn of 40*;u at 20 nnn. {a), (d) and (c) are the 
h.p.l.c. profilci of the CaM digestion nuAtarc after 0. 30 and 60 nun 
respcciivciy The pea^s were idcntiiicjd ai CaM (3j. and us C- 
terminai (i> and ^-terminal (2) fragmt^nis. 



digested mixture (cf. Fig. 3). The homogeneity of the fragments 
was dcmonsuaied by urea/ PAGE i^ls. 

The rcacuvuy of .V- and C-iermmal fragments towards the 
monospecific antibody was investigated. As expected, the A^- 
lerminal fragment did not bind to the antibody (Fig. I), This 
result also confirms that ihis fragment waji not coniaminated by 
miaci CaM. The C-lerniioal fragment bad a Sitnjlar affimty for 
the antibody as mlact CaM, but a lower plateau was observed 
with the fragment than with CaM, although the same molar 
concentrations were apphed for immobilization- This may be due 
to a lower total or active concentration of ihis fragment bound 
to the solid phase. 

fiinding of TFP and neoropepcide to CaM fragmenis 

We have mvestigated the effect of TFP on the binding of 
antibody to the solid-phase-bound C-terminaJ fragment and the 
mature of tryptic fragments of CaM compared with intact CaM. 
Fig. 4 demonstrates that both the nuxture of fragments and the 
C-iermmal fragment have lost their ability lo be stimulated by 
TFP in antibody binding. 

A similar set of expcnmenis was earned out wnh the neuro- 
peptide (Fig 5}. While this peptide with potent anti-CaM activity 
displaced the aniibody from miact CaM in the nanomolar 
concentration range, it failed to influence the bindmg of antibody 
lo the C-ienninal fragment of CaM m the same conceniraiion 
range. AS shown m Fig. 5, the peptide was efleciive only at 
concentrations two orders of magnitude higher than in the case 
of miact CaM. 

The //-terminal frAgmeni of CaM docs not have antigenic site 
(cf. Fig. 1). To determine its neoropepiidc-bindiag acnviiy, two 
sets of competition e l.i.s.a. experiments were camea out. In one 
set, the effect of neuropepude on the formation of the immuno' 
complex was investigated in the presence of 3.2 ^.^ AT-terminal 
fragment. As shown m Fig- 6, at this concentranon, which is 
about TWO orders of magnitude greater lhan that of intact CaM, 
the N'-ierminal fragment significantly neutralized the inhibitory 
effect of the neuropeptide on the binding of antibody to CaM. 

In another set of experiments the concentration of ^^terminal 
fragment was vaned at a constant (50 om) neuropeptide con- 
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Table 1. Effect of ^V^ienai™! fragnieni of C»M «. neuropepcii^ 
CaM-iiMiindy imcninioas 

The amounts of CaM ^md anybody .n the P^^J-.t'^ir"; 
I S pmol ano 2 I pmoi twpecuvely- The -dls filled wiiJi lOD /.I 
of Xiion. The rmount of CaM esmnatcd aaord.ng to [21] 



cenirduon (Table 1). This pepu<J-i conoeniranon abolished ihe 
SSon Of C*M-anuboay complex in the absence ofihc /V- 
cmmai fragment (cf. Fig. 2). Table I shows that, -.ith .n«ea.mg 
fcigmem coacenimiion. the inlubition of .mmunocomplex form- 
lul^by ncuropcpiidc decreased. T^s effect can be ««n*>^^l^° 
the binding of ihc ticuvopcpude lo the fragmeat. which agm- 
SnUy decre^es the concentrauon of CaM-nearopep"de com- 
pS^ Consequently the a«»iibo<iy binds to ihe miact CaM. 



[NcuropcpudcJ 
(prnol) 



[/y^-Ttfnnin<il fragmenil 
Cpmol) 



Atoorbancc (%) 



5 
5 
5 
5 
0 



0 

1.25 
20 
(60 

0 



53=1 
I9i:2 
44 3:4 



resuUing m an increasing micnsiiy m ihc colour reaciion. A half;^ 
maximal effect of /S^^iermmal fragmeni occurred ^l^^^""^^' 
traiion ^bich is approx. on<? order of magnitude higher ihaa 
thai of Intact CaM 

DISCUSSION 

Wc have demonsirait^d previously ihe high seasitiviiy. sim- 
plicity and efficiency of the e,l-i s.a. procedure for studying ihe 
effect of CaM antagonists on CaM-antibody micracuons 
on In these indirect e.U.s.a, reactions an eniymc-conjugated 
anti-aniibody is utilized .n a colonmetric reacuon as a measu^ 
of immunocomplcx formation. The ^^^^^^^^^^ ^""'"^^ 
Uyed sunilar alfinuy to antibody as did CaM m solution if the 
inimobiii2ation of CaM *as carried out in the Pr^scrice of Ca 
pn Therefore the conformational changes in CaM suuCiure 
l;ased by the iinmobili2aiion process are probably not signifi- 
cant. In ihis paper we report that the nadve tertiary structure oi 
CaM, probably the long a-hch^ structure exposed by Ca 
binding. IS absolaidy necessary for the iong-d;stance mteracuon. 
between the AT- and C-termmal domains 

The ternary structure of CaM is ^ell-estabhshed m and k is 
known that both the and C-ierminal domams ot have 
one TfP-bindms site [^Y CaM has a single antigenic sue in t^e 
C-ic^rminal region (residues 1 37-143) v^lih which ^^Th^'^'tf? at 
antibody latenicts [26,27]. Our expenmenis ShoweC that T^r^ 
low concenirauons stimulates, whereas at relatively mgh cono«i 
trations It inhibits, immunocomplex formation We mtcrpnit ims 
complex binding character of TFP in the followmg way. The 
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binding of TFP to one of ihe bindins domains silmdaies the 
bmding of antibody lo CaM, Ho)^cvcr, the bmdmg of TFP lo the 
oiher domain is antagomslii; lo antibody bindrng, and at about 
500 xtM drug concentration the binding is decreased Similar 
phenomena have been aescribcd by Newton ei aL [29], ^ho 
found that CaM conjugated with I nciol of another phenothiazine, 
norchloropromazine, boimd >vuh high affmity to phospho- 
diesterase, erythrocyte Ca*--Mg'*-ATPa:>c, myosin hght cham 
kinase, calcineurin, phosphorylase kinase and CaM-dcpenden; 
kinase, and acuvaicd some of ihcm. However, CaM conjagaied 
with 2 mol of- phcnoihiazinc/mol of protein was completely 
mactive wilh regard lo the bmding or activation of any of these 
target proteins 

Another possibility should also be considered to explain the 
fact that the maximam colour reaCTion in the c.l.i.s.a, occurred at 
a given TFP concentration : one can hypothesize that the binding 
of TFP to either CaM or anttbody alters me supraraolecular 
organization of the CaM-anribody-(anii-antjbody protein) 
complex. However, conclusions from further e Li.s.a, experiments 
Ubing CaM fragments suppon the first explanation (cf. Fig. 4} 
Although the C-ierminal fragment contains the monospecific 
anugenic site atiO thus displays simtlar affinity for the antibody 
iiS does CaM. when ihe mixture of the two haWcS of CaM was 
subjected to e.l.i.s.a. the stimulatory effect of TFP disappeared. 
These observaiioniK suggest that the native conformation of CaM 
has a specific role m the co-operativc interaction between the 
TFP-binding site, probably lo^^-ali^ed m the A^-iermmal domain, 
and the antigenic site of CaM m ihe C-icrminal domain, 

A neuropeptide isolated from hypothalamus by Caloyan and 
his co-workers [9] inhibits the formation of the immunocomplex 
(cf. Fig. 2) and displaces the antibody from intact CaM at 
nanomolar concentrations [12]. The possibility that the peptide 
binds directly to the antibody as an analogue of a CaM fragment 
has been excluded [12] Therefore it has been concluded that 
CaM is a potent target of neuropeptide bmding- 

To further characterize the neuropepiide-bmding aciivity of 
CaM, e.Li,s.a.s were performed usmg both C-terminaJ and A"- 
lerminai fragments of CaM. The direct test showed that the 
amniiy of neoropcpuae for the C-terminal fragment was lower 
by more than an order of magnitude in comparison with that for 
intact CaM, When the A^-termmal fr-igmcnl, which docs not 
contain an antigemc site, was subjected to competition c.l.i.s a. 
(competition of immobilized CaM and A-icnninal fragment for 
neuropeptide binding), the inhibitory effect of the neuropeptide 
on immunocomplex formaiion was significantly decreased. The 
liberator effect of the N-ierminaJ fragmeni depended on both the 
neuropeptide and the ^-terminal fragment concentrations. The 
mhibitory effect of the neuropeptide was abohshea if the con- 
centraiion of the A^-termmal fragment was about two orders ot 
magnitude greater than that of CaM. Although the A-icrmmol 
fragment showed somewhat higher amnity for neuropeptide than 
did the C-icrmmal fragment, it is unclear how the intact CaM 
binds Che neuropeptide wuh such hiijh affinity. One possibihty is 
that the two halves of the intact CaM share inc binding of 
neuropeptide 

An extracellular peptide, meliUm, shows several similanties to 
the neuropeptide m us binding to CaM and CaM fragments, for 
example, both peptides bmd with similar affinity 121,30.31] to 
intact CaM, Mclittin also forms complexes with both jV- and C- 
lerminal iryptic fragments, these interacuons were three orders 
of magnitude smaller than that v,ath intact CaM [17]. In addition, 
the sizes of mclittin and the neuropeptide are similar (approx, 
3 kOa). Melitun has been suggested to crOSS-Unk the two halves 
of CaM [7,32,33], brining them suffiaently close for simul- 
taneous binding. One can hypothesize that the hypothalamic 
neuropeptide interacts with intact CaM in a similar manner to 



meiiitin. the native conformation of CaM iS essential for 
interaction with both peptides wjih very high amnity. 

in conclusion, the complexity of the interaction of TFP with 
CaM, and the strong Interaction of a neuropeptide with miact 
CaM, but not with its fragments, demonstrates that long-distance 
intcmctions exist wutxin the native CaM siruciure. These long- 
distance interactions create effective communications between 
different binding domains of the miact CaM, e.g between the 
TFP-binding domain in the yv-icrminal half ana the antigenic site 
in the C-tcnnmal half of the intact CaM. The effects produced by 
TFP and the neuropeptide on the formauon of the immuno- 
complex are ver> different, which is not surpnsmg since they 
have very different chemical structures. In the case of TFP the 
effect also depends on ihc concentration of this anu-CaM drug. 
\^hich suggests the existence of different conformation states of 
CaM at different TFP saiurauon levels. These distinct conformers 
of CaM probably exhibit different aciivaiory/inhibiiory effects 
on the target enzymes. 

This woric was Supported by Hunganan Academy of Sdcnccs Grant 
OTKA 315/90 
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piocdns, the assay would have to be pafomed over a laa^y tiinc pexlod jo aBow for dec^ of ihc proociSTing Tvponti proteins. Any 
compoond thai would be loxic lo ycasi over tins time peood would also scoce as a liit". the revezse cwo^ytand inxaaaioD win avoid 
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ito activation dooiaia of a izaBscnptifKial a^xivaior, such as C8l4. TheTqxmergcxtes, lA^och will pioWde the tzaasa^oonal Tcad-om {ffJS$ 
or ktsi^r vxc dependent ^^on Ainooonal Gal4 fbr cKpEesskra. Only when the level of GalSo ma^dog pioceiii is zeduoed by Tn Trrfr r T n g widi 
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inhibli die tw^^brid pxctcin-proceifi inieiaaion. An tnqionam teatmr of the leverse rwo-bEybrid vy^«m is dua tbe basal level and half-4lfe 
of die relay prOBeifi, OalSO, can tie fUio-amsd to pzovide maximazD sensuivigr. 
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REVERSE TWOHYBRID METHOD 

5 

TRCHNICAIr FTELP 

Hie invemion relaxes xo xnetbod£ and composinons for idetmfying ogems 
which modify imemialecular associaiion between two or more polypepudes. Agems which 
10 specifically inhibit such p^olei2^proIcin imeracdoiis are suitable ibr use as commercial 

reagencs, phannacettncals, and tor modulanng geoe expression in a cell culxme and/or ammal, 
such as TO increase or decrease ihe expression of a predevennined proiein in ihe ceU colmre or 
ammal, and the like. 

15 BAQCqRQVNP 

Speciiic proiein-protein imeracdons are fandamemal lo mosi cellular and 
organismal ftmoions. Polypeptide interaoiQns aie involved in formation of funcdonal 
iranscripdon conipiexes, signal transdnccion pathways, cytoskeleial organization (e.g., 
micrombttle polymenzauon), polypeptide honnone receptur-^igand bindiRg, organization of 

20 nxulti-subumt enzyme complexes, and die like. 

investigation of prot^-protein interactions under physidogkal condmons has 
been problemadc. Considerable effon has been made to idenoly protdns diat bind to pioiehas 
of interest. Typically, these imeractions have been d^ected by using co-preczpxmzion 
expfaiments in which an andbody lo a known protein is mixed wiih a cell extract and used to 

25 predpziate the known protein and any proteins which are scably associated witb it. This 

method has several disadvantages, such as: (1) it only detects proteins wfai^ are associated in 
cell extract conditions rather under physiological, intracellular conditions, (2) h only 
detects proteins which bind to the known protein with sufficient strengdi and srabili^ Ibr 
efficient co-immunoprecipiiauon, and (3) It fails to dececi associated proteins which are 

30 displaced from the known protein upon antibody b'mdii^. For these reasons and others, 
improved methods for identifying proteins which interact with a known protein have been 
devel^>ed, 

Two-Hybrid Sys^yms 
One approach has been to use a so-called 'two-hybrid' system to identify 
35 polypeptide sequences which bind to a predetennined polypq)tide sequence present in a^ion 
protein (Qrien et al, (1991) Proc. Nad Acad. Set aJSA-> fig: 9578). TOs approach xdcnOfes 
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proTBio^roiem inieraccions vivo duougb reoonstinidon of a cranscnpcioBal acTlvator (Fields 
S and Song Q (1989) Nature S40: 245>, die yeasc Gal4 rransmpinp proigin Hie mecbod is 
based on die propemes of die yeasi Gai4 protein, whidi consisis of separable domaiss 
responsible for DNA-bindmg and transcripuona! ^van^, Potynocleoddes encoding two 
5 hybrid protnns, one consisnng of die yeast Gal4 DNA-binding domain fused jo a polypeptide 
sequ^ice of a known protein and ±& odier consisting of die Gal4 activation domain fused to a 
polypq>ride sequence of a second prmein, are consttucied and innoduced into a yeasi host 
cell. Inteonolecular binding becween die two fusion proteins reoonsdmxes tbe Gal4 DNA- 
binding domain widi tJie Gal4 acdvaiion domain, which leads xo die transcriprionai aciivadon 
10 of a r^ner gene (e,g., lacZ^ HISS) which is operaWy linked xo a GaI4 binding sire. 
lypically, die iwo^ybrid tnediod is used xo identify novel polypeptide sequences whidi 
intfitrgcr wlih a known pnwdn (Silver SC and Hum SW (1993) Mol. Bio!. Rep 17- 155; 
Durfce « al. (1993) Q^ffl Pgyrf 7; 555; Yang et al. (1992) Sciepcft 257 : 680; Lubaa et al, 
(1993) fidl 7^: 1067; Hardy et al. (1992) Genes Devel. £; 801; Band ec al, (1993) 
15 Bioff^niqq^ U: 920; and Vojtek et al. (1993) 74; 205). However, variations of die 
rwo-hybrid mediod have been used to identify muiadoos of a known protein that affect iis 
binding 10 a second known protein (Li B and Fields S (1993) PASEB J 7; 957; Lalo et al. 
(^^3) Prnc. Nad. Acad, Sci. fUSA^ 9Q: 5524; Jackson « al. (1993) Mol. Cell. Bini 2I; 
2899; and Madura et al. (1993) J. Biol. Chftm 12046). Two^ybrid systems have also 
20 been used to idendfy interacting structural domains of two known proteins (Baidwell et al. 
(19931 med. MicrohinT ^t- n77; Chakiabony ei al. (19921 J. Biol. Chem 7j^2' 17498; 
Si^udinger et al- (1993) J. Biol Qiem^ 2fiS: 4608; and Milne CTT and Weaver DT (1993) 
Qfia^ Deve|, 2; 1755) or domaiis responsible for oligomerization of a sinigie protein 
awabuchi et al. (1993) Qncog^^ 5; 1693; Bogerd et al, (1993) JU/JroI. ^7: 503Q). 
25 Variations of two-hybrid systems have been used xo smdy the jjj ^ activity of a proteolytic 
enzyme (Dasmahapatra et al. (1992) Proc. N«tl Ac ad. Se^. rtl.SA) gg; 4159). Alternatively, 
an E. coli/BCCP imeracnve screening system (Germino et al, (1993) Pfoc. Nad Af^ H ^ 
iH&^SSt: 933; Guarente L (1993) Eroc. Nad. Aead. Sri ni g a ^ gQ; j639) can be used 
ro identify iroeractiAg protain sequences O-e,, protein sequences which hcwrodimeriie or form 
30 higher oider heteromultimers). 

Each of diese two-hybrid mediods rely upon a posidve association between 
two Gal4 fusion proteins diereby reconstituting a fiincdonal Gal4 transcriptional activator 
whiidi then induces transcription of a reporter gene operably linked to a Gal4 binding site. 
Transcription of die r^rter gene produces a positive readout, ^icaUy manifesied eidier (1) 
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as an enzyme activity (e.g., ^galaoosidase) that caa be idendfied by a colorimetric enzyme 
assay or (2) as enhanced cell growth on a defined raedhwn (e.g,, HISS). Thus, itie&e maiwds 
are suiced for id««ifying a positive imeraction of polypeptide sequences, but are pooriy suhed 
for identifying agems or conditions which alter {e,g., mhibit) intermolecular association 
5 becween two polypeptide sequences. In part, this is because a feilnre to obtain 

ejqiressioa of the repcner gene can result from many events which do not stem from a 
specific inhibition of bmding of die two hybrid proteins. For example, a two-hybrid sysiem 
using a r^ner gene that stimulaies growdi under defined conditions theoretically can be used 
to screen for agents that inhibit the inietmolecular assodancm of the two hybrid procems, but 
it will be difficult or hnpossiblo to discriminate ^ents that specifically inhibit die association 
of the two hybrid proteins from agents which simply inhibit cell growtii. Hius, an ^eut 
which is cytotoxic to yeast (e.g., bleach, phenal, fceioconazole, q^clohexunide) will prevent 
cell growth without specifically inhibiting Ae interaction of two hybrid proteins and will More 
falsely as a positive hh. Similarly, a conventional two-hybrid system nsii^ a iacZ letter 
15 gene will falsely score general transcription or translation inhibitors (e.g., cydoheximide) as 
bemg inhibitor of two hybrid protein bindmg. Thus, two-hybrid systems that produce a 
powive readout coniiogent upon intennolecular binding of the two hybrid proteins are 
generally not suitable for screemng for agents winch inhibit bindn^ of the two l^ybrid 
proteins. 

20 Unfbminately, it would be desirable to have an effidon screening method for 

idenufyiAg conqpounds which specifically alter the intermolecular association between two 
known polypeptide sequences under physiological conditions. Present two^ybrid meihods 
rdy on a positive readout and do not afford a mediod for identifyiAg binding inhibitors (or 
binding competitors} with satisfiactoiy sensitivity and/or sel ect ivity. 

25 Thus, there is a need in the an for conditions and methods which can be 

used to efficiently identify agents diat specifically alter ibe intermolecular association between 
two polypq)tide sequences in iayo. The present invention fiilfilis these and odier needs. 

The references discussed herein sj:^ provided solely for tiieir disclosure prior 
to the filing date of the present ^plication. NoOung herein is to be construed as an admission 

30 that the invwitors are not entitied to antedate such disclosure by virtue of prior invention. All 
publications and parent applications herein are incorporated by referwce to the same extern as 
if each mdividual publication or patent application was specifically and individually indicated 
to be incoipomted by reference. 
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Sy.MMAFY QF Tffg INYENTIQN 

Hie presem invenuon provides several novel mediods and compositions for 
idemifying agents which aher imennolecular binding beiween two polypeptide spedes m a cell 
or in a ce(]-£nee uanscripdon reacdon. The invendon relates to a general ipetfaod^ referred to 
S herein as a reverse rwo^^rid method, wherein agents which disrupt an imermolecular 
association benveeo two inremcnng polypeptides tfaer^y gen^aie a sdeccable and/or 
deieciable leadoui (e.g,, complCTnentarlon of an auxotrophic pheno^pe, expression of a 
detectable reporter molecule, and the liice). l^pically, a reverse two^ybrid medtod produces 
a positive readout under condinoos wherein an ^enr blodcs or odierwise inhibits ihe 

10 Imermolecuiar bhiding of the inieracdng polypeptides* a posiuve readour condition is 
generally identified as one or more of tiie ftjUowi^g detectable conditions: (1) an increased 
uanscr^iion rate of a predetermined reporter gene, Q) an increased concentrarion or 
abundance of a polypeptide product encoded by a predeiennined reporter gene, typically such 
as an enzyme ^ich can be readily ass^ed m vivo , and/or (3) a selectable or otherwise 

15 idendfiable i^ienoQ^ic change in an organism (e.g., yeast) harboring liie reverse rwo-hybrid 
system. G^erally, a s^eoable or otherwisft identifiable pbeooiypic dmnge that diaraoenzes 
a positive readout condition confers tipon the organism &ier. a selective growth advantage on 
a defuied medium, a mating pbenotype, a characteristic morphology or developmental stage, 
drug resistance, or a detectable ens^madc activity (e.g., 0-galactosidase, tucitoase, alfcaline 

20 phosphatase, and the like). In this manner, ii is possible to ef5c!eatly Idennfy agents 
(Including but not limited to polypeptides, small molecules, and oligonucleotide) which 
inhibit inxiemiolecular binding between two predcutmiined inteiracting polypeptides. 

In an aspect of the inveimon, a reveroe two-hybrid system is conq>osed of: (I) 
a fisst hybrid protein, (2) a second hybrid proiein which binds to the first hybrid protein under 

25 control conditions (e.g., physiological conditions in die absence of ^gent), 0) a vtskdiy (or 

signal inverter) gene which is efBdently e?^ressed as a consequence of the first hybrid protein 
and the second hybrid protein being functionally bound to each other, and (4) a r^ner gene 
which is efficiently expressed when the produa of ifae rday (or signal invener) gene is 
substantially absent and is eiiher poorly expressed or not expressed when the relay (or signal 

30 inverter) gene product is efficlendy expressed. The first hybrid protein and second h}1md 
protein bind to each other through hiteracting polypeptide segments Q.e., a, portion of dse first 
hybrid protein preferennally binds to a portion of the second hybrid protein forming a 
beierodimer or higher order heteromultimer comprising die first and second hybrid proteins; 
said binding portions of each hybrid proiein are termed "interacting polypeptide s^mfints"). 



10 



wo 95^6400 PCrAJS9&r039IS 

5 

The firsi hybrid protrin con^)rises: (1) a fim interacmjg polypepnde sequence 
in polyp^tide liiUcage wiih a DNA^mdiAg dovmn of a iranscr^Hional activaior protdn or 
other DNa bindiDg pioiero (e.g., a repressor). The second hybnd protein comprises: (I) a 
second ioieracDng polyp^ide seqiieoce, capable of fbrmii^ an imennolecolar associarion wMi 
S the fiisi inwiracting polypeptide sequence under comrol conditions (e,g,, physiological 
conditions and absence of agent) in polypeptide I Inkage with P) an acrivadon domain of a 
iranscriptional activator prowin, whereby intennolecular bindii^ between tiie first hybrid 
proim and ihcj second hybrid proiein (via ihc inicracting polypeptide sequences) thereby 
unites ibe DNA-bindiog domain of the first hybrid protEin wiib die activation dotnain of tiie 
second generaring a transcriptional activator function. Generally, tiie first hybrid protein and 
the second hybrid protem are encoded by polynucJeoodes which arc constimtivdy «q>ressed in 
a host organism {e.g,, a eukaiyotic or prokaryoric cell, or raulricellular organism). 

The relay gene {aliematively termed the signal inverter gene) is operably 
linked to a transcriptional regulatory sequence (a "r^ay transcrqwMMial regulatory sequence") 
15 which is positively regulated by the transcriptional acnvawr titan is formed by die 

inromolecuiar bmding of tiie first hybrid protein to tiie second hybrid proc^. Hence, when 
the fii3t hybrid protein binds to the second hybrid protem (via die interacting polypeptide 
sequences), die transcriptional activator formed diereby binds to a transcriptional r^uiatory 
seq uence optiably linked to tiie relay gene and enhances tiie net transcription of die relay 
gwie. Tlierdaygwieracodcs a protein diac represses transcription of a r^rter gene. Thus, 
when tiie first and second hybrid proteins are functionally bound to each otiier, die relay gene 
is expressed and thereby rqjresses transcription of tije reporter gene(s). In an erabodimcm, 
such relay proieins are of die type often referred to in tiie an as "negative regulators of 
transcription". In an embodiment of tiie invention, tiie rel^ gene is a negative regulator of 
25 transcription in yeast; for example but not limitation tiie GAL80 gene can serve as a relay gene 
in yeast. In embodiments wiiere host organisms are employed to harbor the reverse two- 
hybrid system, tiie relay gene is often a gene which naturally occurs in tiie gennline DNa of 
tiie host organism species, and frequentiy can be an endogenous germline gene, or 
alternatively may be introduced into ihe host organism as exogenous DNA, ^ically into a 
host genome tiiai lacks tiie corresponding fimctional endogenous gene (e.g.,- a "kno^t 
background"). 

Tlie reporter gene is operably linked to a iranscrqitional regulaiory sequence 
Crqwner transcriptional n^atory sequence") which is negatively r^ulaied by die gene 
product of die rel^ gene and which is induced in die absence of die relay gene prodncr. 
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Tbus, traoscriptiOD of the reponer g«ie is repressed in control condsiions (e.g,, pbysiolo^cal 
conditions in iJie absence of agent) wherein the rwo hybrid pioceins bind xo ead) otb«: and 
tern a transcripcional acdvaiar liiai Increases Transcrqraon of ibe relay gene. Gener^, ilie 
relay gene {noduci either binds to the transcriptional regulatory sequence (^>erably linleed to 

5 the reporter grae, or binds lo a transcr^tion protein that binds to the transcriptiODal xe^Bxory 
sequence operably linked to iJie reporter gene. The net transcription rate Of the reponer gene 
is reduced (or conq^lecely blocked) as a consequence of the relay gene prodoci binding to ttie 
reporter gene trmiscriptional regulatDiy sequence and/or to a transciipiion protein ttquired fi^r 
consiituiiveeQcpression of the reporter gene. Any of a variety of reporter g«MS thai produce a 

10 posttive readout can be used- For exanq>le and not liniixanony suitable r^torter genes are 
those which (1) confer a selectable phenoQi)e to cdls m which the leponer gene is effidendy 
e(xpre3£ed, and/or (2) encode a gene product (e.g., enzyme) which is conveniently detected 
such as by in ^im assay or the IDce. Suitable genes ^ich confer a selectable phenotype are 
exemplified by, but not limited to, genes which complement auxotrophic mutations in a host 

15 organism (e.g.. yeast HIS3), genes which encode drug resistance (e.g., necF), gwies which 
induce cell prolifeiadon, and odier genes whose expression confifiis a selective growth 
advantage. Suitable genes whid) encode a gene product whidi is convenieiuiy detected In sisi 
are exemplified by. bux not Umited to. /J-galaciosidase (e.g., 1^ raU tocZ). luctferase, alkaline 
phosphatase, horseradish peroxidase, and the like. 

20 The invention provides polynudeoiides encoding a €ist hybrid protein and a 

second hybrid protein. Such polynucleoUdes encode a DNA-bmding dommn or accivaiion 
domain of a transcriptional activator aiid conveniendy can have a cloning site for a^acenr 
insertion, in readix^ frame, of polynudeotide sequences encoding one or more interacting 
polypeptide sequence(s). TyptcaUy, a first polynucleoude will encode a 6rst hybrid proi^ 

25 con^sed of a first predecemuned interacting polypeptide sequence and a DNA-binding 
domain of a transcripnonal acdvaxor; a second polynndeotide wfll encode a second hybrid 
protein composed of a second predetermiiTed imeracdng poiypq>tide sequence and an 
activation domain of a transcripuonal acdvator^ wherein the DNA-binding domain of the first 
hybrid proimn can reconstxiuie with the activation domain and form a fimctional iranscriptional 

30 activator. Often, the DNA-binding domain and the activation domain of the hybrid protein 
pair are derived from ihe same nanirally occurring transcription activator (e,g., Ca]4). 
However, those of skill in the an can select DNA^inding domains and activaiion domains 
from distinct transcription activators which can reconstinite to form a fim^nal transcriptional 
activaior which does not occur in nature (e.g., a DNA^hiding domain of die bacterial lexA 
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proiein cm be used in oonjoncdou witii a rranscnpnonal acdvaior ftom ^ viral pTOtein, 
VP16; Vojtek e? al. (1993) op.cii.> . Transcriptioo and xranslation of sucb a polynucleotide 
produces a hybrid (or fusion) proiein composed of an imeracdng polynudeotide s^gmwit and a 
DNA-binding domain or acdvadon domain of a cransa^uonal acavator. 
5 nie invention also provides poiynucleoiides wJiicli conqirise a Transcriptional 

regulajoiy sequfiwe operably linked v> a rd^ (or signal invercer) g«ne. A relay (or signal 
invener) gene encodes a proiein dim inhibire or otherwise r^iesses expreswon (^ically 
transcription) of a predetermined reporter gaie. Most usually, a rday proiein is a negative 
regulator of transcription for a predetMmined gene or gene subset- In an embodiment, ibe 
10 relay protein is a tnmscripdon repressor protein that binds to a polynucleotide sequence and 
iherd>y mhibits transcription of a cis-linked and operably linked sequence. In an ahemadve 
embodiment, the rel^ protein bmds to a pnrt&n*at is aposirive regulator of transcription of 
a predetermined gene or gene subset, and as a consequence of binding iber^y inhibiis die 
Transcriptional activiiy of the positive regulator. One varieiy of sMcb a relay protein binds to 
15 and bloiis the activadon domain(s) of transcriptional activatDrs. Alihoo^ a variety of 
suitable relay proteins are apparent to those of skill in the art, this category of relay proiem 
can be exen^llfted by the mammalian mdrn2 oncoprotein whi^ binds die transacrivazion 
domain of the wroor suppressor protein p53, and die yeast GalSO protein which binds and 
inactivaies the activarion domain of Gal4. In an embodiment, the relay proiem comprises a 
20 mutation, addition, or deletion diai reduces dw stability of the relity protdn in vh^ as 

compared to the naturally occurring cognate relay protein. Kelay protrans can be referred to 
as signal inverter protons, as they serve to invert a positive transcriptional signal (the 
reconsntution of a fimctional transcriptional activamr by binding of die two hybrid proteins} 
inlo a negative transcriptional signal, which reduces transcription of a predetermined rqwrter 
25 gene. Generally, a polynucleotide encoding a relay protein is operably linked to a relay 
transcriptional n^ulatoxy sequence that produces transcription of the relay gene dependent 
upon functional reconsiitution of the DNA^inding domain and activation domain of tiie rwo 
hybrid proteins. For example and not limitazion, such a rday transcriptional regulatory 
sequence can comprise a promoter and a polynucleotide sequence comprising one or more 
30 site(s) which bmd(s) a reconstiwted functional transcripiioaal activator formed by association 
of the two hybrid proteins; for eocainple, if the two hylwid transcr^onal activator con^rises a 
lexA DNA-bmding domain, the relay transcriptional regulatory sequence operably Imked to the 
relay gene can comprise one or more iexA binding site sequences* arrayed in tandem. 

The invention also provides polynucleotides whidi comprise a transcriptional 
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wsulatoiy sequence operabJy linked m a reponer gene. Tbe reponer gene encodes a protein 
tha coii&rs a selectable pheooiype on a host cell and/or can be Oesmed by an is jia ass^, 
such as an in Sis enzymatic assay (e.g.. host cells expressing a lacZ ie{)Oner can be detected 
as blue staining cells in the presence of X-gal). A transcriptional regulatory sequence 
5 OperabJy linked to Ae reponer gene comprises a promoter and generally producer 

transcription of die relay gene contingeDi upon the substantial absence of the relay piotein. In 
an embodiment, the iqrorter iransaiptional r^atoty sequence opeiably to die 
«?»oner gene comprises a binding site for a relay protein, wherein bindiog of die relay protein 
to the reporter transcriptional r^ulatoiy sequotce inhibits eonstimiive txansci^tfion of the 
10 rqiortergene. In an alteniarive embodiment ihe repormr transcripoonal legutooiy seqo^ 
linked to die rj^ioner gene comprises a binding sire for a nanscrqitional actzvamr protein, 
wherein binding of a eonstimiive transcriptional activator pratein to die rf^rter tnmsctiptional 
i^atoiy sequence produces consrimtive transcription of die cis-linked r^iier gaie, and 
wherein d» relay protna binds u> or odieiwise inacdvaies d» transcriptional activaior protein. 
IS diereby repressing eonstimiive expression of the reponer gene. 

The inveaoon also provides host organisms OWiCally uniceUuIar organisms) 
which harbor a reverse two^ybrid sysim, lypically in the form of polynucleotides encoding a 
fiist hybrid protein, a second hybrid promin, a rel^ gene, and/or a i^iorter gene, wherein 
said polymicleoiide(s) are either sobiy replicausd or innoduced for transient e:tpression. In an 
embodiment, the host organism is a yeasi oeU (e.g.. Sapc^^ff^yces soirige) in «*icb the 
gennline CrlLSOgene is fimcnonally inactivated, the relay gene encodes GalSO. and the 
reporter gene tnmscnpnonal regulamry sequence con^rises a Oal4^esponsive promoter. 

Hie inveiaion also provides a method for identifying agents that inhibit 
bindiAg of a ftrst imeracting polypepnde to a second inumtcdiu; polypeptide. Hie method 
employs dw reverse twoJqrbrid system described japro, wherein a fiisi hybrid proaan 
comprises the first interacting polypeptide and a second hybrid piomin comprises a second 
interacting polypeptide. Heierodimerization (or higher order beteromuWrnerizaiion) between 
the first hybrid protein and the second hybrid protein produces transciqition of a relay gene 
encoding a protein which inhibits expression of a reponer protein. Host organisms harboring 
such a reverse two^iybrid system are cultured m the presence of an agent, such as a dlfiuaible 
small molecule (typical MW < 5,000. preferably < l.OOP) or a transftetad cDNA expression 
polywideotide encoding a polypeptide agent, and expression of the host organism reponer 

gene is detennlned and standardized to a parallel Wank culture which lacks sm agent. Agems 
which produce a jnificant increase in expt«ssion of die reponer gem; in a liost organism 
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after a suitable time period (e,g., usually ai leasi 1 hour, often ai least 3 hours, preferably 
about 6 bours, occaisionally ovemigbi or longer) are ibcreby idemmed as inhibliort for 
bloddng the imennolecular associarion b«weeii tbc first afl second inrexacting polypeptide 
sequences. Such protein iuteraciion inbibitors are candid at e drugs for pharmaceutical use 
5 and/or for use as coromcicial research re^OTis, In an embodiment of die invention, yeast 
ttOls are ihe host organism, the reponer gene encodes iS-galaciosidase and/or a j^otein that 
complements an auxotrophic mutant yeasi host cell, and ^e first and second interacting 
polyp^itide sequences each comprise a bindmg domain derived from a signal iransduciion 
protein. 

JO Tb» invention also provides a kit comprising a reverse two^iybrid sysiem, a 

host cell, and an instruction mamial. Such kits may optionally include a panel of agents for 
jesnng. 

Unless defined otherwise, all tedmical and sdendfic vesnns used herein have 
the same meaning as commonly undoscood by one of ordinary skill in the ait to which ibh 
invention belongs. Although any mediods and mazerials similar or equivalent to those 
described herein can be used in die pracdce or testing of the present invention, the preferred 
20 me^iods and maierials are described. For purposes ofihepresem invention, the following 

terms are defined below. 

In Ihe polypepdde notation used herein, the lefthand direction is the amino 
terminal direcdon and the righdiand direction is the carbo^cy-teiminal direction, in accordance 
with standard usage and coitvcniion- Similarly, unless specified otherwise, die lefihand end of 

25 single-stranded polynucleotide sequences is the 5' end; the lefthand direction of dotible- 

stranded polynucleotide sequences is referred to as the 5' direction. The direcdon of 5' to 3' 
addition of nascent RNA transcripis is referred to as *e transcripdon direccionj sequence 
regions on the DNA strand having the same sisquence as die RNA and whidi are T to die 5' 
end of the RNA transcript are referred ro as "upstream sequences"; sequence regions on the 

30 DNA strand having the same sequence as die RNA and which are 3' to the V end of the RNA 
transcript are referred to as ''downstream sequences" . 

The term "nacurally-occuning" as used herein as ^lied to an object refers to 
die feet diat an objeci can be found in nanire. For exanqile, a polypeptide or polynudeodde 
sequence that is presem in an organism (including viruses) ^at can be isolated fcom a source 
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in namre and which has dot been intemionally modifxed by man in die laboratory is namrally- 
occurring. 

Tlie xerm "ageni" is used herm xo denote a cheimcal con^und» a mixture of 
chemical compounds, a biological macromolecule* ox an extract made &om biological 
5 materials sudi as bacteria, plants, fungi, or animal Qiamcnlarly mammalian) cdls or tissues. 
Agents are evaluated fbr pou^niial acdvity as specific proiein interaction inhibiiors (i.e., an 
agaii which selecdvely inhibits a binding ixveracuon b^een two priedetennii^ polypeptides 
but which does not substantially iwerfere with cell viability) by inclusion m scieemug assays 
described hereinbelow, 

0 The term 'proiem imeracdon inhibitor" is used herein to refer to an agent 

which is identified by one or more screening meihod(s} of the inv&trtion as an agent which 
selectively inhibits pzotein-proiein binding betweeti a fir^ inzeraccing polypeptide and a second 
interacting polypeptide. Some protein interaction inhibitors may have d)er^>eimc potential as 
drugs for human use and/or may serve as oommercial reagents fot laboratory research or 

5 bioprocess control. Protein interaction inhibitors which are c andi d at e drugs are ^ten tested 
ftoher for activity in assays which are routinely used to predict suitabUi^ for use as human 
and vecerinaxy drugs, indudiiig in vivo admxnistrazion to non-hnman aznmals and often 
including administration to human in approved clinical trials. 

AS used hCETcin, the term "operably linked" refers to a linkage of 

0 polynucleotide elensents in a funcdozial relationship, A nucleic acid is "operably linked" when 
it is placed into a functional relationship with another nucl^c add sequenc e . For instance, a 
promoier or enhancer is operably linked to a coding sequence if it affects the transcription of 
the coding sequence. Operably linked means that the DNA sequences bdng linked are 
typically contiguous and, wbsx^ neoessaiy to jom two protdn coding re^^ns, comigaous and 

5 in reading frame. However^ since enhancers generally fimaion when separated from die 
promoter by several kilobases and intronic sequences m^ be of variable lengdis, some 
polynucleotide dements may be operably linked but not contiguous. 



AS used herein, the term ''endogenous DNA sequence" refers to naturally- 
occuzring polynucleotide sequences contained in a eukaryotic or prokaryotic cell. Such 
sequences include, for exan^e, chromosomal sequfiiCBs (e.g., scrucmral genes, promoters, 
enhancers, recombinaiorial hoispois. rtpt&i sequences, int^rated provir^ sequences). A 
"predetermined sequence" is a sequence which is selected at the discretion of the practitioner 
on the basis of known or predicted sequence informanon. An exogenous polynucleoode is a 
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polynucleotide wbich is transferred ixico a eukaryocic or prokaryotic cell- 
As used iurrein die cerm "physiological condloons" refers lo lenqwraturd, pH, 
ionic soengib, visoosity^ and like biochemical pararoeter? whidi are companble wxih a viable 
organism, and/or which typically eadst inoraoelliilarly in a viable cultured yeast cell or 
5 TTfflTnT TTfl l' fln ceil. For escample, the imracellular conditiOBS in a yeasc cell grown under typical 
laboiasory culmre conditions are physiological coodttions. Suixable in vitro reaction conditions 
for in vitro traoscripiion cocktails are generally physiological conditions. In general, si vitro 
physiological conditions comprise 50-200 mM NaO or KQ, pH 6^-5, 20-45°C and 0.01- 
JO mM divalent cation (e.g., Mg^^, Ca^''); preferably about 150 wM NaQ or KCl, pH 7^ 

10 7.6, 5 mM divalent cation, and often include 0.01-1.0 percent nonspecific protein (e.g., 
BSA). Particular aqueous conditions may be selected by ilte pracddoner accordii^ to 
conventional methods. For general guidance, the following buffered aqueous conditions may 
be applicable: 10-250 mM NaG, 5-50 mM Tris HCl, pH 5-8, with optional addition of 
divalent canon(s) and/or metal cfadazors and/or nonionic d^ergents and/or membrane 

15 factions. 

The terms "functional disruption" or "functionally disnxpted" as used herein 
means that a gene locus con^rises ai least one mutation or structural alteration such that the 
functionally disrupted gene is substannally incapable of directing the efficient expression of 
functional gene product, 

20 As used herein, ^e nenns "interacting polypeptide segment", and "i nier ac ring 

polypepude sequKxce** refer to a portion of a hybrid protein which can fOfrm a specific binding 
interaction with a pordon of a second hyl»id protein under suhable bindiz^ condidons. 
Generally, a portion of the first hybrid protem preferentially binds id a portion of the second 
hybrid protein fbnning a heterodi^ner or higher order beteromultimer coix^>rislng ^ first and 

25 second hybrid proteins; the binding portions of each hybrid proi^ are termed imeraciing 
polypeptide segments. 

Descriprion of the Ipvemion 

Generally, the nomenclsture used hereaft^ and the laboratory procedures in 
30 cell culture, molecular genetics, and nucleic acid chemistxy and cell culture described below 
are those well known and commonly en^loyed in the art. Standard techniques are used for 
recombinant nucleic acid methods, polynucleotide synthesis, and noicrobial culture and 
cransfbrtnacion (e.g., deoroporation, lipofeciion). Generally enzymatic reactions and 
purification Stq)s are performed according to the manufacturer's ^^ecifications. The 
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techniques and procedures are generally pedbnned according ^ convendcmai iQeihod$ ixz the 
an and various general references (see, generally . Sambrook et al. Molecular Qoniag: A 
Laboraioiy Manual, 2d ed. (1989) Cold Spring HartKsr Laboraioiy Press, Cold Spring 
Haibor, whidi h incorporated herein by refisrence) whidi are provided throughoat tliis 
5 document. The procedures cher^ are believed to be wel! known in the art and are provided 
for die convenience of the reader. All The information contained herein is incorporated herein 
by reference. 

The reverse two-hybrid method generally applicable for idfintifying agents 
which inhibh binding between a variety of predecermined interacting polypeptides. 

10 

Overview 

A basis of ihe present invention i£ a strategy for screening a bank of agents 
with a reverb two-hybrid system to identify ^nts which inhibit The imennolecuiar 
association of two mreracdng polypepdde sequences, Htus, in a reverse two-hybrid system 

15 ^lere is at least one pair of mteracting polyp^ride sequences, wiih a itrst interacting 

polypeptide sequence present in one of the hybrid protein species and a second interacting 
polypeptide sequence preseot in the oiher hybrid proim species. Hie choice of imeraoiAg 
polypeptide sequences incorporated in a reverse two^ybrid system is selected at die discretion 
of the pracudoner. For example, a reverse two-hybrid system suitable tor identifying agents 

20 which inhibit Fos/Jun ieucinfi zipper fbrmacon may be composed of a first hybrid protein 
having an interacting polypeptide sequence comprising a Fos leucine zipper and a second 
hybrid protein having an inieracting polypeptide sequ^oe compn&m^ a Jm leucine zipper, A 
variety of inxeraccing protein s equences can be used; for exao^le and not limitation, these 
include: uanscnption fecror binding domains, multisobunii proteins, signal transduction 

25 proteam (G proteins, members of Toshti^/fdEK signaling pathway(s), nwnor suppressor protein 
binding domains p5S^^ and the like), polypeptide ligands and their cognate receptor(s), 
active sii»s of en^rmes which catalyze reactions involving binding to a polypeptide substrate 
and the polypeptide substrate hself , and essentially any pair of protein sequences which form 
an hnermolecular assoczadon under physiological conditions. Gwr^ly, interacting 

30 polypeptides form heierodimers with a dissociarion constant (Ko) of at least about 1 x 10* M"', 
usually at least I x l<r typicaliy at least 1 x 10* M"*, preferably ai least 1 x 10* to j 
X 10^ M"' or more, iwder suitable physiological conditions. 

Reverse two-hybrid systems are used for detecting die ability of agents to 
inhibit the imennolecuiar binding of two interacdng polypepddes and provide for fecile high- 
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ihiouglqjut screeniAg of agent banks (e.g., compound libraries, pepnde ej^ression libraries, 
and me like) to idennly protein interaction inhibiiors which prefereniiaJIy idiibii 
imgnnoleciilar binding becwemi two predetermined interacriAg polyp^tide q)ecies. Sudi 
protein interaction inhibi»rs (specific binding ant^onisis) can modulate biochemical acw% 
of the prfidfT^ Mtnin e d immcting specie(s) and ther^y moduiace biological fimction. Agents 
which alter the imennolecular association of ihe cwo int^acdng polypeinido sequences in die 
hybrid proteins, generally liy inhibiiipg heceiodnneric binding of the two hybrid proteins, 
score posiiiv^y in the rwerse two-hybrid system. The protein mieraction inhibitors thereby 
identified are can di dat e drugs for human and veterinary rfierapeuiic use and/or are suitable 
commercial reagenis fbr laboramiy research or bioprocess ccmirol. 

An agent capable of specifically inhibitn^ protem-protem bindix^ of a 
theraperocaUy reievam proittn interacrion id vivo can be used for ther^y of disease or for 
modulation of eacpression in cells and organisms. Typically, an efiScacious dose of a 
proron interaction mbibitor is adminisiered to a parienr as a therapeutic or itrop^lactic fbr 
15 treating a pathological condition (e.g., cancer, inflammation, lyn^oprolifoative diseases^ 
autoimmune disease, and the like). 

Deseriprion of Preferred PmhftHmwmt 

In order to ilhiCTaie^ invention, a description of apreferred embodiment is 
20 presented below. This embodiment comprises a reverse two^ybrid system in yeast o^ that 
are functionally disrupted for endogenous GAL80 ea^ression, wherein the intermolecular 
association of ihe firsi and second hybrid proteins acuvates transcr^iion Of a CuiLSO relay 
gene. Expression of CAL80 represses the transcriptional activity of consiimtlvely expressed 
Gal4 protein and inhibits transcription of a Gal4-depeudent reporter gene. 
25 A variety of alternative embodiments and variarions will be apparent to those 

of skill in the ait, inchidmg alternative relay genes, ahemarive host cells (e.g„ mammalian, 
bacterial, fungal, insect, and the like), variations of the basic reverse two-hybrid method, and 
oiher^. 

30 Two-Hvbrid jtywrm 

Transcriptional activaiors arc proteins that positively regulate die expression of 
specific genes. They can be fmcdonaUy dissected into two structural domains: one region 
that binds to ^>ecific DNa sequences and tbimi>y confers specifiaiy, and anotfxer re&on 
termed the activation domain diat bhjds to protein cotxqwnents of d>e basal gene expression 
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macbisery (Ma and Ptadw (1988) £M 22= ^3}. These two domains need «> be pbysically 
connected In order jo function as a cranscrq)uona] acnvacor. Two-hybrid systems exploit tbis 
finding by booKdng up an isolated DNA binding domain to one protein protein X), wbile 
hooking up the isoiaied acdvanon domain lo another protein ^roiiein Y). When X and Y 

5 InDeract lo a significanT excem, the DNA binding and aciivation domains will now be 
connected and the transoipdonal acavaxor function reoonsdrutied (Fidds and Song (1989) 
£I^|r£ 245). llie yeast host strain is engineered so that ihereconsiinixedrran&cripnai^ 
activator drives the expression of a i^^ecific reporter gene such as HISS or lacZ, which 
provides the rtad-out for the protein-protein intmction (FieJd and Song (1989) op.cit-: Cbein 

10 et al. (1991) op.ck,) . One advantage of rwo-hybrid systems for moniionng proieini)roiein 
interactions is their sensitivity In detection of jdiysically weak» but physiologically impOTtant, 
protein-protein imeracrions. As such it offers a significant advantage over odier mediods for 
detecting procein-protfiin inter^tions (e.g,, HLISA assay). Unlike the ELISA assay, 
however, the current two-hybrid syscem is not readily cran^laniable to drug screening 

15 operadMis. A m^or problem with the existing iwo^ybrid methods is that nonspecific 
inhibirors of transcriptional acdvaiion score the same as inbibiiors of the sped^c protdn- 
prQtein interaction. 

Negative Reeulators of Transcriprion 
To address die aforementioned problem* the read-out of the convendonal two- 

20 hybrid interaction can be reversed fay interposition of a relay ge^e which serves to inven die 
onxpur produced torn interaction of die two hybrid proteins from a positive transcriptional 
acdvaior to a negative transcriptional regulator (e.g., repressor). In order to inven tbjs 
readout from a positive transcription activaxor to a n^auve transcription r^jiessor, it is 
possible to take advant^ of die properties of certain ni^ative regulators of tr^^ In 

25 an embodiment, some of these n^anve regalators block the function of ^ledfxc transcriptional 
activators by binding to their accivanon domain. Two such examples are the nulm2 
oncoprotein which binds to and masks the xrans-activadon domain of the tumor st^pressor 
proiem p5S (Ntomand et al, (1993) ^: 1237; Oliner et al. (1993) Nature 362 : 857). and 
the yeast <3aI80 protein which binds and inactivates the transcnptional activator region of Gdl4 

30 (Ma and Piashne (1987) £ell 5S: 137; Johnston and Carlson (1993) Rftpulatton of rarhnn 
Phosphate M^taboli^m. vol. 2, Cold Spring Harbor Press, Cold Spring Haibor, New York). 
By designing the two-hybrid interaction to drive the CT^ression of a negative regulawr of a 
specific transcriptional acdvator» die resultant system is such diat interference with me two- 
hybrid inieracdon results in increased activity of a transcriptional activator and hence a 
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positive signal. In view of the focx ±wl die biology of (be Gal80-Gal4 sysxem is wtil 
underscood in yeas^ ihis pair of negaiWe-r^ulasors/iranscnptioiidl accivazors is suitable for &e 
reverse iwo^ybrid metbod. In principle^ die pair of mdm2 and p$3 proteins, or any oifaer 
niaidied pair of cranscrQ)donal acovacor and specific negative regulator, will also woik. 
5 In the presets embodiment, the two interacting bybrid proteins reconstiiute a 

transcriptional activaior con^sed of a DNA b'uiding domain derived tetn'^ bacteml 
protein encoded by lex4 and an aciivaior domain derived ftom die viral protein VP16 (Vojtek 
ec al. (1993) Q p-cit.\ Hie reconsdtuted lexA/VP26 iranscr4>txonai activator binds to a relay 
gene operably linked to a tran^cnptionai r^aioiy 
10 sequence containing laiidem copies of a lexO binding site sequence ^ich binds the lexA 
DNA*binding domain. Upon binding of the reconstituted lexA/VFl6 inuiscrq>donal acdvamr 
to die kxO binding siceCs), die operably Ixnkied lel^ gene {pAl^ is rfficiendy eiqiressed. 
Thus, when the two hybrid proteins aie associated (e.g., as a heterodimer or the like), die 
GAL^ relay gene is eaqiressed and serves to rq»ess expression of a reporter geaie construct* 

15 

The Gal8Q-(jal4 System 
Tbe Gal80-Ga}4 system of regulatory proteins underlies the ability of yeast 
cells to respond lo exogencmsly added galactose and specifically syndiesize the ens^yznes 
needed to utilize it as a carbon/energy source (Johnston and Carlson (1993) opjcii. - Unless 

20 galactose is preset, die GalSO protein binds and blocks the function of die'transcriptional 
acdvator Gal4, In tbe absence of die GMW gene, the transcriptional activator function of 
Gal4 is not masked and hence eo^pression of galactose^gulaned genes no loi^ requires 
galactose for induction. In the reverse two-faybrid system, the host strain generally is 
funcuonally disn^ted for the endogenous GAL80 gene^ but GalSO protein is provided throu^ 

25 a two-hybrid driven rel^ gene construa (g^ Hxperimema! Example, ir^a) which is operably 
linked to a transcripaonal regulatory sequence that binds a bacterial le3(A DNA-binding 
domain present in tbe first hybrid protein. When the iwo-hybrid interaction is driving die 
es^ression of the rday gene product, GalSO, die Gal4-inducxion of the r^orter gene(s) is 
inhibited. When die cwo^ybrid interaction is blocked, the relay gene {GALSO) expression wOl 

30 be turned o£f and die GaH-dqiendent transcr^tional regul wry sequence operably linked to 
the reporter gene(s) is dien able to drive expression of tbe reporter g^^S). 



Techniques for FmB^fumn^ Expr^^ion of the Relay Oenft 
The seusitivhy of this system can be modulated by adjustittg die amount of 
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Gal4 or Gal80 proiein. A hose soim generally eoimuns the wilcNype <HL4 gene and bme 
contains my low levels of Gal4 when the yeast cells are culiiii«d wiifa carton/energy sources 
such as rafimose (Johnsioo and Carlson (1S93) op cit V if necessary, the level of Gal4 
protein can be deoeased by a least five-fold by culmring the cells in glucose (Griggs and 
5 Johnston (1991) ftpy. ^al, g^Uli&i 8597). Higher leveis of Gal4 protein can 

be provided by transiorTOiflg the strain with a multicopy plasnid encoding Gal* (Schultz ei al 
(1987). 

TTie amount and/or stabflity of die relay protein, GalSO. can also be adjusted 
Preferably, the siabiliQr of the GalSO protein is sufficient sudnh« the addition of protBin 
10 interaction inhibitor agents generates a detectable readout of the reponer gene(s) within about 
six hoBis. or most usually within the tim&-&ame of an ovemigfat assay. For xhis to be a 
convenient assay approach. GalSO aciivity preferably deterionm at a i«pld rate when aciive 
inhibitor agems are added and the iwo^ybrid system is mhibited. The half-life of CalSO 
proteins to yeast cells has IKK been rigorously defined m the an. If GalSO has a sbon half- 
life, it is generally only necessary to vary the level of transcripiion of OiLSO by changing 
either copy number of the twcH,ybrid relay gene construci or by varying the number of 
binding sites for the transcripiional activator (e.g., too openmor sequences) in the 
transcripdonal regulatory sequence of the relay gm, construct. If Galto has an inordinately 
long half-life, it is preferable to eogmeer a chimeric GalSO piotem with a shorter half-life. 
Successfid engineering of long-lived proidns to proteins with shorter half-lives has been 
achieved by addition of PEST sequences to DSFK (Ueiscber ei al, (1991) J. Bhl fh^ 
26gM 1213) or by formwg p^galaaosidase variants with drtfereu N-ienuinal residues by ia 
vjvfi processhtg of «biq«iiin-/J-galaciosidase fusions (Vatshavsky ei al. (19S9) Y«L.r 
iDBSSSuag, Ban, Brake, and Valenzwda (eds.), Bmttrworths. pp. 109-143)." laner 
method has been wen characterized in yeast, such thm GalSO varh^ 
from 2 nimutes to over 24 hours can be readily generated. 

TTie fbllowmg examples are offered by wjv of example and not by wiy of 

linuEation- 

EXPERIMENTAT irgAMOfp.'i 
30 £ BBjtT»cpon of the annrnprt q re hosr v«^if ypj i^s 

Since the GAUO^AlA sys«m is employed, the iepor«r genes in the yeasi 
stram,«ed to be operahly linked ID promoters that ar* responsive to Gal4. Reporter genes 
that have been operably linked to Gal4-iesponsive promoters were mt^graied imo yeast strains 
(see Coastrqction Of Yeast Stratas.»j^). One of the reponer genes encodes ^-galactosldase 



20 



25 



PCT/US95/03918 

17 

whose expression allows qaazxdcanve transcr^nional read-out, if desired. It is possible \o 
ttdiize oi3ser fqjorier genes operably linked 10 Gal^-responsive promoiers, sudi as ones 
encoding allcalizxe phosi^iatase, ihac would also allow easy qoamhadon of craoscripcional read- 
oar, JEY8, JEYlOf and JEY12, tbree ind^>endeni pipgemxors for die reverse^o bybrid host 
5 strains, were derived by siandard geneoc metbods ftvm a cross beiween yM2170 (MATa ura3 
his3 ade2 fys2 fyri QALT gal^A LEU2.'G4lJ-lacZ; available ftoro Dr, Marie Johnsioji, 
Washisgion Universijy« Sl Louis, MO) and YPB2 (MATa his3 ade2 ku2 ura3 iys2 zrpi canJ 
sal4A galS0{^LYS2::CALl-H2SS URA3::GAU-la<2i (Band er al. (1993) in (;:^nff l y 
Imeracnons in Development: A Pracrical Appmac^ Hartl^ DA (ed.) Qscford Univef^ty 

10 Press, Oxford, UK, pp. 153). Tlie progenitor strains QdATa his3 ade2 ley2 uraS fys2 np2 

gaiaOA LYS2:,'GALl-mS3 XJKA3::GAU^dZi contain aU ibe necessary reporter gen«s 
and bave been tested for a lunctional Qal4 protein and reponer genes by an^ysis of galactose- 
indnced expression of i?-galaciosidase. To test in general wbedier re-xmroducnon of GalSO 
proreiQ negatively regulates GaI4 in the system, JEY8 was rransfonned witfa a hl^i-copy 

15 pla^mid comaining the wEd^iype gene ^BM26(h, available &om Mark Johnstcm, 

Washington University, St, Louis, MO). Sufficient expression results in inhibition of ^e 
read-outs foro die n^ner genes {HISS and which are detennined liy ass^g jS- 
galaccosidase acuviiy and growth in the absence of histidine. Both of these reporter activities 
are scored in yeasi grown on plates containing raffinose (which allows for full acdviry of 

20 Gal$Q protein) and galactose (which inacdvaies (^80 protein). Hiese tests confxnn ihac in 
ihese str^ The (3al80 protan, expressed off its eiaiogenous promoter, aqjprcssee Gal4 
function. Two-hybrid conscmcts are evaluated for their ability 10 drive sufficient GALSO 
expression from die LexO-GMW fiision plasmids that are constructed ^ee^ in^ra), 

25 Cftostmction of die UxO^AL80 faslon penes . 

A diimeric gene (a LexO-GALSO fusion) is oonstmoed and serves as The relay 
(signal inverted) gene. The DNA-binding domain of ihe transcripnonal activator that is used 
to drive expression of the relay gene is derived from the bacterial prot^ encoded by lexA and 
has been used before in cwo^bnd systems as a fitsion with die Transcripdonal activator from 
0 the viral protein VPl6 (Vojidc « al. (1993) op cit. . Other transcriptional activators that have 
a defined DNA binding site, such as the ACE] gene produa of cerevisiae (Munder and 
Fursi (1992) Mol Cgll Biol. 22: 2091) may be used. The LexO sites are generated by 
mutually primed synthesis (see, Oiapier 8.2A in Current PtotocoU in Mn1«nil«r Biaiftp^ 
(1990) Ausubel, Brent, Kingston, Moore, Sefdman, Smith, and Stnihl (eds.)» Greene 
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Publishing A$«ociqie$ and Wiley Intersdenc6, New Yorlc, NY) using the oi^gcnner 
5'- 

GCGAATrcCTACTGTATATACATACAGTACCATCTACTGTATATACATACACTAGC 
CGCTCGAGCGGC-3* (SEQ. ID NO:l). The resuldng fragment contains £6ur consensus 
5 LexA binding sites in tandem. The DNA produa is digested with EooRl and insened ino the 
EcoRI site of pCZD (Lue ei al. (1989) Prog. Nad. Acad. Sci, fUSA^ ^6: 486) to genetaie 
pCZD-LexO. The pCZD vector comuns a minimal TATA box for xecognxdon of die basal 
transcriptional machinery but lequires the addition of specific DNA sequeoces to effectively 
fimctiod as promoter box, Tlte OalSO coding sequence is isolated by PCR using the following 

10 two oligomecs: 5'-CGCGGATCCCGTrCrrrcCAC TCOOG-%* [SEQ. ID NO;2l; and 

5'-<X3GATCCGATGGAAGGATGOCXXKn'GCTGC-3' [SEQ. ID NO:33. Tlie isn^laxe is ^ 
plasmid pBM260 which oonxaios the GaUD gene subdoned in YBpIS (available torn Mork 
Johnston, Washington University, St. Louis, MO), Tbe GALSO PCR product is digested with 
BamHI and insened mto the BamHI site of pCZD-LexO to create pLexO-GaiSO. The LexO- 

15 CalBO fusion is then subdoned into p(jalileo, a 2^ based yeasi shuttle vector (20-30 copies per 
cell} carryii^ the ADE2 sdectafale mazker (avaDable from Avtar Roopra, Washington 
University, St. Louis, MO) to generate pJE42. From this plasmid, CEN- and integradng 
versions are constnicied to provide a means of controlling the levd of expression of GAL80 
by the two-hybrid interaction. For exanq)le, the basal transaipiion from the 2^ plasmid ms^ 

20 impress sufficient GalSO to require galactose for expression of the leponer gene(s) even In the 
absence of % lexA-based transcriptional activaior. Additionally, LexO^iquimnGalSO fusions 
encoding a shonsned half-life GalSO protein Is constructed. 

In order to demonstrate that relay gene constructs con^rising a JLexCMjUI^ 
polynucleoiide fusion can be acdvaied by the two^ybrid interaction to sufOcient levds for 

25 relating the Ga]4-mediaxed r^ner gene es^ression, a positive control is generated. Yeast 
are tnmsforuied with a plasmid that contains a fusion of the DNA binding domain (lexA) and 
franscripdonal activadon con^nent (VPIQ of the two-hybrid system and acdvates 
transcripdon of the relay gene LexCMULSO fusion. The plasmid pLEX-VP16 (available from 
A. Vojtek; Vojtelc ei kI, (1993) op-elt,^ is used for die positive control. The abHity of two- 

30 hybrid interaciions to drive expression of the relay gene is demonstrated. 



Testing fbr ihe ahi!irv of iwo-hvbrid inT»facriQi« to drive expression of the Le>cO-GAL8Q 
fusion^ 

Hie two^ybrid interaccion that is used to test fbr its ability to drive suffidenc 
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expression of ihe LexO<liL80 relay gene is ibe uneractioa of hman H-ras p2l wi± human 
c-Raf (Van Adsi et al. (1993) Prog. Nad. Ac ad Sri. fUSA^ 2Q: 6213; Vojttk et al, (1993) 
op-ch.^ . K-ras is linked by uh*fran}ft polynucleotide fusion to ibe VP16 acdvatiOin doniain, and 
Kaf Is linkied by vo-lram& polymicleodde fusion lo ifae DNA binding domain of the lexA gene 

5 pzoduci. pGBTS-Raf was consmioed by liganng EooJU and PstX linkers tso a iiq^ codii^ 
sequence isolaied by PCR ainplificarion of a human plaoemal cDNA library from Strat^ene 
(San Diego, CA) as descnbed by MacDonald et al. (1993) ^ol. Cell. Biol. 12: 66l5. The 
i&^gene wascuioucof pGBT8-Raf as an EcoRI lo PstI 6agmem and subdoned inxo the 
EcoRI-Psil site of pBTM116 (that contains the LexA DNA binding domain (Vojtek: ec al. 

0 (1993) o p .c ft .^ to generate pBTM-Raf (pJ£36). Hie £coRI she maintains the same reading 
£rame. pOBT8K-ras was constructed by PCR amplification of p£XV-K-ras Qiancock et al, 
(1990) ^1 63: 133) such that the K-ras sequence is isolated as a Sall-PStI restriction ftagment 
which was then subcloned into Sall-Ps£l<ut pGBTS. To construct pVPK-ras QdE44), a PCR 
product of pGBT8X-ras was generated using the followmg oligomeis as PGR amplimers: 

5 5'-CGGGATCCATGACrGAATATAAACTTGTG<jrAG-3* (SEQ, ID NO:41 

5'-CCGGATX:crrACATAATrACACACTrrGTCITrCACIT^^ PEQ; id N0:5] 
and the resultant PCR product was digested with BamHl and subcloned into die BamHI siie of 
pVPl6 (Vojtefc et al, (X993) op.cit.^ to generals pVPK-ras (pJE44), The LexO-OiLSO relay 
gene plasmid, the pBTM-^Raf and ihe pVF-K-ras (pJ£44) plasmids are cotransfected into a 

0 host yeast strdn and ability of the two-hybrid immccion to drive sufficient expression of 
{141^ to prevent ibe expression of the rq)orter genes (facZ and HJS3) ls do tmnined - 
Growth on galactose is used as an mtemal poshive control to ensure ihar the promoter is still 
functional. 



Tesifflfi fop ifae abflirv of a small molecule ro interfere with a twO^Vbrid interaction 

The reverse two^ybrid method is used as a screening a$say ^r identifying 
small molecule inhibitors of proteioiprotein inieraction, such chat an exogenously added small 
molecule can interfere with a cwo^ybrid interaction. In one example, a reverse rwo-bybrid 
%y$x&m utilizes the small molecule estradiol as the protein interacdon inhibitbr. Estrodiol is a 
small lipophilic molecule that has been shown to be effective in yeast It has been shown diar 
estradiol reverses the interaction Of the hormone binding domain of the estrogen receptor with 
the heat-shock protein HSP90. Thus, a first hybnd procein comprising the hormone binding 
domain of Uie estrogen receptor in polypeptide linkage to a lexA DNA-binding domain atid a 
second hybrid protein con^>risi4g the htat shock prot^, HSP90, in polypeptide linkage to the 
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V?I6 activaiiott domain are consinicced by siandard mediods. Polyiiodeodde(s} encoding the 
fix^ and second hybrid procems, a LexO-GAL80 ttley gene consmict, and a Gal4-dependem 
reporter gene construct are inuoduced into the yeasc host. Estrogen (e.g., estradiol) is 
evaluated as an agenc for znhlbmng fonnation of a functional iwo^ybrid heieix>diiner and 
5 thereby pnxlucing expression of the reporter gene. 

Testing for flhiliry nf a poivpepTide to interfere w hh a two^tvbrid mteraiaion 

The reverse rwo^ybrld method is used as a screenu^ assay for idexxtifyiiig 
polyp^dde inhibitors of pioiein^rotein interacoon, such that an imracellularly expressed 
10 poiypeptide can interfere with a rwo-bybiid interacpon. In one embodiment, a reverse two- 
hybrid system u rilfTO a pOlypq>tzde expressed &om a coirans&cied cDNA expression 
construct as die pioc^ interaction inhibitor. 

A ^rst hybrid protein conq>rising a first interacting polypqvcide sequence in 
polypeptide linkage to a lexA DNA-binding domain and a second hybrid protein comprising a 

15 second interacting polypeptide sequence in polypeptide linkage to the VP16 activation domain 
are constnicced by standard methods, Polyimdeotide(s} encodii^ die first and second hybrid 
proteins, a LexO-GALSD rd^ gene construct, and a Gal4-dqpend«tt r^orter gene construct 
are introduced into d^ yeast host. A polynucleotide encodix^ aiid es^ressing a polypeptide 
typically between 5 and 500 amino acids long (e.g-, a library member of a cDNA expression 

20 library) is also introduced into die yeast cells under conditions wherein the encoded 

polypqatide is e9q>ressed intracdlularly. The expressed polyp^tide is evaluated as an agent 
for inhibiting formation of a funcdonal two-hybrid heterodimer and thereby producing 
expression of the reporter gene. 

Essentially any of varions expression done libraries Icnown in the art may be 

25 used, including comjnefdally avmlabJe expression libraries (Clontedi» Inc., Palo Alto, CA), 
Expression clone libraries may also be generated by the practitioner by conventional cloning 
methods and vectors known in die an (e.g., pcD, pSV), especiafly yeast oqiression vectors. 
Exi^esslon clone libraries ooiiQ>rise a collection of library members, each member comprising 
a cloned polynucleoude se ^ q u ence (which may cximprise mutauon(s) or deledons), typically a 

SO cDNA sequence^ operably linked to a promoter (and optionally an enhancer) which is 

iranscr^onally active in ihe host ceil so ih«i die cloned sequence is transcribed and translated 
into a polypq>tide. Genomic DNa sequences (e.g., complete stmaural genes or fragments 
thereof) may also serve as cloned sequences in expression libraries. Preferably, the cloned 
sequence is inserted in cloning site which fadlitaxes the recovery of the doncd sequoice &ee 
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from ibe promoiier and oAw s&fuaoes which comprise an ai|>ression casseae. 

Btpression done Kbiary meoibeis are nansfcned inio hosi cdls by various 
means, includii^ bat wk limited to: eleoroporanou, lipofeojon, wrai veci» transduction, 
biolisncs. and CaPO* precipitaiion. ajpiaaiou done libnuy membeis may be nansfetred 
5 directly into host cells, or a rel^ and/or npontt polynudeotide and/w polyniicIcoriiie(s) 
encoding the first and second hybrid proteins may be cosransferrcd wifli expression dons 
library manbers imo a host ceU. or a rd^ and/or rcpoiter pofyniideotide and/or 
polynw5leodd«s) encoding the first and second hybrid pioeins may be irans&rred ij«o host 
cdls subsequeoc to transfer of e:q»iBssion done Kbrary xnembeis. 

aoned polynndeotides can be recovered from raqwession done library 
members which are isolated by i&e screening methods of die invention. T^picaUy. doned 
sequences are excised by restriction digestion with an en2yme(s) which deave ai the 
boundaries between the ends of die cloned sequence (e.g„ cDNa) and tbe i«mainder of the 
ejipression done Ubrary member. Aliemaiivdy, PGR Q)rrferably hi^-fideliQF PCR) or odiK^ 
15 !mpliecaiionmediod(e.g., Lai)m3ybeper«[miwdush«pTi^ 

Trfiidi die doned sequence is inserted in the library member xo an^lify and tbei^ isolaiB ibe 
doned sequence (U.S. Patent 4,683,202, incorporated herein by reference;, When PGR is 
used, it is geneially preferable m incorporate known uniqne polynndeotide sequences flanldng 
at least one, and preferably boifa, side(s) of the she in which a doned sequence is insened to 
20 facilitate recovery of the sdected cloned sequence(s). 

Alihou^ the present invenrion has been described to some deiail by w^ of 
illustranon for purposes of dariQ^ of uadersiandh^, ii will be parent ibai cenam chaises 
and modifications m^ be prqcticed widiin the scope of die daims. 
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SEQUENCE USTING 



(1) GENERAL INFORMATION; 



CO APPUCANT: BRICKSON. JAMES R. 
POWERS, SCOTT 

Oi) TTTLE OF INVENTION: REVERSE TWO-HYBRID METHOD 

10 

(iix) NUMBER OF SEQUENCES: 5 
(iv> CORRESPONDENCE ADDRESS: 



<A) ADDRESSEE: Cooley Godward Castro Hwddlesro & Taram 



15 



(B) STREET; Five Palo Alto Square. Founh Floor 

(C) CITY; Palo Alio 

(D) STATE: California 



(E) COUNTRY; US 

(F) ZIP: 943(W-2155 



20 



25 



(V) COMPUTER READABLE FORM: 
lA) MEDIUM TYPE: Flof^y disk 
(B) COMPUTER: IBM PC con^kanble 
(O OPERATING SYSTEM: PC-DOS/MS-DOS 
(D) SOFTWARE; Paiemln Rdease jSrl.O, Version #1.25 



30 



iyi) CURRENT APPUCATION DATA: 

(A) APPUCATION NUMBER: US 08/218.933 

(B) FILING DATE: 29^MaR-1994 

(C) CLASSIHCATION: 



(viii) ATTORNEY/AGENT INFORMATION: 

(A) NAME: Torchia, Timomy E, 

(B) REGISTOATION NUMBER; 36.700 
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(ix) TELECOMMUNICATION INFORMATION: 

(A) TELEPHONE; (415) 843-5481 

(B) TELEFAX: (415) 857-0663 

5 

(2) INFORMATION FOR SEQ ID N0:1: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 68 base pairs 
10 (B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: cDNA 

15 

Ciii) HYPOTHETICAL: NO 
(iv) ANTI-SENSE: NO 

20 

(ix) FEATURE: 

(A) NAME/KEY: miscjeaturc 

(B) LOCATION: 1..68 

(D) OTHER INFORMATION: /siandard^name- "PCR primer" 

25 

Cxi) SEQUENCE DESCRIPTION: SEQ ID NO:l: 
GCGAATTCCT ACTGTATATA CAI3^CAGTAC CATCTACTGT ATATAC^ITZU: AGTA6CCGCT €0 

30 

C6ASC6GC 6B 



35 
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(2) INFORMATION FOR SEQ ID NO;2: 
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(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 26 base pairs 
5 (B) TYPE: nucleic acid 

(C) SnUNDEDNESS; single 

(D) TOPOLOGY: linear 

(11) MOLECULE TYPE: cDNA 
Oil) HYPOTHETICAL: NO 
(iv) ANTI-SENSE: NO 

15 

(ix) FEATURE: 

(A) NAME/KEY; misc^fftature 

(B) LOCATION: L.26 

(PJ OTHER INFORMATION: /sranaar<l_naine= ''PCR primer'* 

20 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:2: 
CGCGGATCCC GTTCTTTCCA CTCCCG 26 

25 

(2) INFORMATION FOR SEQ ID NO:3: 

(i) SEQUENCE CEL^RACTERISTICS: 
(A) LENGTH: 30 base paiis 
30 (B) TYPE: nucleic acid 

(Q STRaNDEDNESS; siiv&Ie 
(D) TOPOLOGY: linear 



(u) MOLECULE TYPE: cDNA 
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Oh) HYPOTHETICAL: NO 
(iv) ANTI-SENSE: NO 

5 

(U) FEATURE: 

(A) NAME/KEY: rois<;_<eamre 

(B) LOCATION: L.30 

(D) OTHER INFORMATION: /siandaixJ_name=^ "PGR primer" 

10 

(xi) SEQUENCE DESCRIPTION: SEQ ID N0:3: 
CGGATCCGAT GGAAGGATGC CCGCTGCTGC 30 

15 

(2) INFORMATION FOR SEQ ID NO;4; 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 33 base paiis 
20 (B) TYPE: iwclric acid 

(C) STUANDEDNESS: single 

(D) TOPOLOGY: linear 

fii) MOLECULE TYPE: cDNA 

25 

(iii) HYPOTHETICAL: NO 

(iv) ANTI-SENSE: NO 

30 

Cix) FEATURE: 

(A) NAME/KEY: misc^feamre 

(B) LOCATION: L.33 

(D) OTHER INFORMATION: /stwidard_naine= "oligomer for PGR" 
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(xij SEQUENCE DESCRIPTION: SEQ ID NO;4; 

cgggatccat gactgaatat aaacttgtgc tag 

5 

(2) INFORMATION FOR SEQ ID N0:5; 

(i) SEQUENCE CHARACTERISTICS; 
(A) LENGTH; 39 base pairs 
10 (B) TYPE: micleic add 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(«) MOLECULE TYPE: cDNa 

15 

(iii) HYPOTHETICAL: NO 

(iv) ANTI-SENSE: NO 

20 

(ix) FEATURE: 

(A) NAME/KEY: mific_feaioie 

(B) LOCATION: I,.39 

(D) OTHER INFORMATION: /siandard_a«me- -oligomer for PGR'' 

25 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:5: 



CGGGaTCCTT ACaTAATTaC ACACnTGTC TTTC ACTTG 

30 



39 
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CLAIMS: 

1. A revfitse rwo-liybnd system con^risiQg: 

(1) a fuse hybrid proiein conq)rising a fiisc ixxteractiiig polypeptide sequence in 
5 polypeptide Iinlcage lo a DNA-bindiz^ domain of a traz^criptioDal activator; 

(2> a second hybrid pioiein ccwuprising a second jnieracmg pdypepiidc 
sequence in polypeptide linkage to an accivadon domain of a transcnpdonal accxvaxor, wherein 
the second hybrid proim binds to the first hybrid protein via comaa of the xnieraccing 
polynu^eotide sequence^ under j^ysiolo^cal conditions; 
10 (3) a relay gene whose oanscripiion is dependent upon the first hybrid proiein 

and the second hybrid protein bei^g bound to each other, thereby reconstiiuzing a 
iranscripdonal acdvator; and 

(4) a reporter goK ^lose iran&crq>tion is repressed by e3q>ression of the relay 
gene and which is subsiantiaUy transcribed in the absence of rday gene expression. 

15 

2. A reverse iwo-hybrid system of daim X, wherein the iwo-hybrid 
system is in a yeast host eell. 

3. A reverse rwo-hybiid system of claim 1, wherein the first l^brid 
20 protein, the second hybrid protein, a relay protein, and a rt^rter prot^ are encoded on ai 

least one polynucleotide and said at least one polynucleodde is introduced into a yeasi host 
ccU. 

4. A reverse rwo-hybrid system of claim 1, wherein the ^rst 
25 hybrid prot^ con^rises a lexA DNA-bindir^ domain in po^yp^de linkage to the first 

interacdng polypeptide sequence; 

the second hybrid protein cort^)rise& a VP16 acdvadon domain in polypeptide 
linlc^e to the second interacting polypepude sequence; 

the relay gene encodes GalSO operably linked fo a LexO sequence in a cis^ 
30 linked relay gene transcription regulatory sequence; and 

the reporter gene comprises lacZ or HISS and is operaldy linked to a 
transcription regulaiory sequence wtuch confers Gal4^^>endem transciipiioutD cis-linked 
adjacem polynucleotide sequences. 



if 
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5. Areverwiwo.l^ridQfstemofcIaiin4jnayeasiceUpToducedby 
crossing a 5aedmx)PiY"y organism hivag ifae genotype AlATa hisS ade2 leu2 ura3 fyrf jtpl 
GALT gtaam LiS2,:GAU.HIS3 mA3::GAU-UuZ. 



6, A reverse iwo-bybrid system of claim 4 ftinher 



comprisiog an agent. 



7. A reverse two^iybrid system of claim 4 fiirtherceo^aifies an 
expressipn clone library member which ex|n«sses an imtaceUuIar polypeptide in the yeast 
host. 

10 

8. A yeast cell comprising a reverse two-hybrid system of claim 1 or 4. 

9. A polynucleotide eawiing a GalSO polypeptide aiKlcoinprising at least 
one operably linked LexO binding site. 

IS 

10. A po^mudeotidc of claim 9 in a yeast cell which coniafais a 
Amctionally disrupted endogenous GAL&J gene. 



n. A yeast cell coniainiiig: 

a polynndeoiide sequence encoding a first hybrid protein wtaieb is 
consiiRitively e3q>iessed; 

a polynucleotide sequence encoding a second hybrid protein which is 
constiniiively expressed; 

a polynucleotide sequence encoding a re^y protein whose expression is 
dependent upon miermoJecnlar binding of die first hybrid pioido wifl, the second hybrid 
protein under physiological conditions; and 

a polynucleotide sequence encoding a reporter protein whose expression is 
repressed by dw rel^ protein. 

12- A yeast cell of claim 11. fimher con?prising an expression clone 
Ubraiy member which expresses a polyp<q)dde encoded by a cDNA. 

13. A ycasiceU of cl«m II, fimher comprising an agcm having a 
molecular wei^ of less than 1.000 dabons. 
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14, A method for idemifying agents which ishibii imettnolecular bindii^ 
under physiological ooadidom between a firsx ioimahig polypeptide seqi^oce and a second 
interacting polypeptide sequence, said meibod conq>risiz^ dte Sfeps of: 

adtninistering an ageui to a host cell comaining a reverse two-hybrid system of 
5 d^im I or 4 and incubating the host cell for a suitable period; 

detenmnii^ ixtoher the adminisccadon of the agent induces a substaniially 
e;q>reKion of the reponer gene; and 

identifying an agent ^ch induces a substandally expression of the r^rtc7 
gene as a protein interaction inhibitor. 

10 

15, A method of claim 14, wherein the agent is a molecule having a 
molecular weight less Aan about 1,000 dahons. 

16, A Jcit comprising a reverse two-hybrid system, a host cell, an 
15 instruction manual, and optionally a panel of ageots Ibr lestii^* 



20 



17. A reverse iwo4iybrid system of claim 4, wherein the first interacting 
polypqHide sequence is a mammalian ras polypqnide and the second imeractmg polypeptide 
sequence is a Raf polypeptide. 
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Reporter gene 



Transcnpiion 



UAS 



Reporter gene 



LexA Binding site 



Reporter gene 



Transcnpnon 



LexA Binding site 



Ttur ycaL^C two-hybrid sySlcm lehcs On the unexpected find- 
ing ih» rmny pfxxein domains retain some dececcable func- 
tion when S^ilt^ onto another unrelated protein doizEiin 
By the mid-1980s, cjomg and reUgaong DNA fngm/sms 
had become rounnc - one fcigmtnt btihavtsd much like 
another aiKi all exatt^ies at a grven tesuicDon site were 
generaiiy con^>aoble - bat it had not bi^cn considered pro- 
duciivd xo attempt similsir ±»rrategies for prtxeins, wich their 
complex and unique ihieeKlmiensional stnioures. While it 
was dear that soroc proccm^ could fold mto indcpendtrm 
dornains tnai could carry out different Ainctlons, bgaong 
together doroaww from two unn?laied protcnns was not 
common practice. 

In studies of the n^guianon of craniscnption in tjukajyotes, 
however, the idea tnac site-specific activators nave a highly 
qiocMax sOixctLm? began ro c:mei;ge. f indingiS &0m thru: 
types of expenmencs laid die foandattons for ihe devel- 
opment of the two-hybrid system. 

Ftfw, twQ ;?cpar»tc functional domaans of these cjanscnp- 
cional acuvsEors were chaiactenzed (see Figure, pan a), for 
exatnpW, wortt m Piashnc s arid m Stnohl s labotatones 
identified me DNA-bindmg domains of the yeasc Gai4 <md 
Gcn4 pfOceins55.56 However, expression m yeast and bind- 
tng of these isoiatcd domains to ihe*r Dna recognition 
sices, called upscream activanon sequences (UaSs), was not 
sufficient 10 activate canscnpaon of an ad^tcent gene, 
Jtather, for Oansqiptian to occur, die DNA-binding domain 
had CO be covalenuy linked to another pomon of tne pro- 
tem that was highly acidic. This second domain was ceixned 
cne iranscnpaon aoivatton domain, and was dcfmed as 
•d sequence mat wnen fusee to a DNA-OmOing domain 
rcsitltr-d ilk tianscnp^cn It was proposed that the acL- 
vauon domam interacis wuh components of the basal tran- 
scription macninery as pan of tne process of inioacion of 
Ctatwcnphon 

Second, Ptasnne's group snowed mat a hyond acavaror 
codd be genetated^. constructing a yensi plasmd that 
encoded a Aision of the £ coli LexA protein to sequences 
from the yeast GaI4 protein. The LexA'-Gal4 fusion aoivaiec 
cranscnpnon m yeast of a reporter gene with LexA bmdmg 
«ieii cloned upitresim Csee Figure, pan b), wniJe LexA alone 
did not. This experiment was later repeated by others with 
Scvcrai different act*varors, with the gencnl result that vaia- 
ous combmanons of a DKA-blnding domain covoleniiy 
Unkcd lo an acnvacion domain couid efficiently activate 
iranscnpuon. 

Third, die concept of site-specific activators composed of 
two discrete proceins became accepted C^ee Figure, part c). 
Protems were identified chat interacted with ONA-binding 

proteins. One model proposed was d)at as a result of protein^protem jueracuons, tnese new procevis provided an acuvauon 
function to the DNA-bound protems, without ttietnselves coniaccing DNa_ T»o sudi proteins were c-Fos and die Herpes 
t4tus pfocein VP16 CRefs 38, 39;, it was later shown ihat dwse two proteins did in faa contact DMA, although diey did not 
bind well by themselves^ Neventldess, th*S concept was Oilical lO the onginacion of the rwo-hybnd system 



I (C) 



a 



Reporter gene 



Transcnption 



Binding sue 



Reporter gene 



f%ure. Key escpenment? that indicated die modijlar nature of 
transcnpuon factors, (a) a DNArbindmg domam (iUled circle) 
can bold to an upstream acovaoon sequence UJAS),'SurwjU^Dt~ 
activate traiiscripiito T^ic D[<A-binding domain covalenuy linked 
to a transcripQonal activanon domain (.c^xm arde) wiQ actrvace 
transoipoon, <b> The LexA protem C&lied square) when pro- 
Ouced in yeast Can bind to as operator sice, b«i will- not activate - 
trsnscnpoon. 'When LexA is covalendy bnked to an activation 
domain, the hybrid protein wUl acuvaie aanscr^juon, (c) A tran- 
scnpaonai acuvacor may be composed of two soncovalentty 
imked proteins; one (ftlled arde) binds lo a speofic sue on ttie 
DMA an4 ihc other (open circle) provides on activation domam. 



While the two-hybnd system is mo^t often osed in 
yeast, it shoald woric in any cakaryote, and has be^n 
used in a mammalian host Csee, for example, Ref. 4) 
However, the yeast-based system has numerous advan- 
tages, inchidong the ease oi transfonnaaon, the con- 
venience of remcr/ing plasraids, and the availability 
nutnaonal markers and wcU-chaiaaerized rcpoiTcr 
genes for diiect seiectic^. Finally, endogenous yeast 
proteins are less likdy to bind a mammalian target 
protein to prevent its inieraccion with a protein 
encoded by a library. 



Why ihe cwo-hybrid system worses 

Several features of the two-hybnd system tnake u 
applicable to a wide vanety of proteins First, many 
X-Y inceracLons analysed do in fact occur m yeast, 
dius die typical dissociation constants for these 
protein-protem mteracuons and the concentration of 
the hybrid proteins m yeast is such that binding can 
result. Second, many non-nuclear proieuis can be 
largctca to inc nucleus Exatnples of prtneins success- 
fully used in-cwo-hybnd assays jiclude those notmaJly 
found m the nucleus, cytoplasm or muochondnon, and 
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membrane-3S$odaced and exnaceUular proieins. Ii is 
noc known wheUxer ;he hybrid procems firs; interact 
viihjn che nucleus or inieraa m ihe cytoplasm and are 
aansponed inio cbe nucleus Third, mosi X-Y inter- 
acuons can result in aansoiptional activiiy. Thr faa thai 
so many pairs of h)^nd pioceins lead to reponer gene 
cxpreswon ai:gues 5irongly thai acuvauon does not 
d^>end on there bemg a deSned distance or orienjaiion 
between die nanscnption facior dOTiain and die fused 
X or Y domain. Thus che hybnd procdns might behave 
as two balls on a short flexible soing rather than as two 
rigidly constrained domains. 

The cwo-hybrid system is hi^y sensiuve, and can 
detect mceraoions not revealed by odier methods. For 
example, imeracnion of the mammalian Ras proiem 
with die protein kinase Raf was observed in the vwo 
hybnd system^, but had not been detected by co- 
immunoprecipnaiion. It sterns likely that tiansieni mier- 
accions can Digger tianscription 10 produce a stable 
mRNA that Can be repeatedly translated to yield a 
reporter protein. This type of amplification leads to a 
dereciable signal even when the iniaaong inieracuon 
cannoi be observed in vino. Other interactions with the 
basal tianscripaon machinery may help stabilize a weak 
X-Y interaction. Th«r scnsitivicy of this method suggestt 



Ca) 



UAS 



Reporter gene 



UAS 



Reporter ^ene 



(c) 



Transcription 



UAS 



Reporter gene 



FICVRE I, Outline of tht: twob>bnd system. Ca} a hybnd prcwcui 
is genezaced dm induces a DNA-binding doonin Oiiied Circle; 

and 3 pro&nn X. This hyUid can ba>d eo DNA buc will noc 
acDvaZir ttazisCiipCiOn if X does noC have an aczivacion domain 
(b) Aftoihef nybfid pfocem is generaced ihac fuses an acQvation 
domain Copcn order) lo % proctm Y. This hybnd proocm w;ii not 
activate: cninscxipdon because u does not bind eo die up!»Cieam 
acuvaoon sequence CUaS). CO B<3di hybnd proccm> aiv 
produced in me same uan^omnnt. The Xond 7 procems bmd 
DoncovalcnUy and aciivaie mmscnpQQn from Che UaS 



that certain enzymes-substrate interactions can be 
deceaed; for example, die combmanon of the proiem 
kinase Raf and the: IkB piotem, which can be phos- 
phorylared by Raf , yields a signal in dus system*. 

Is transcriptionai activity in the two-hybrid system 
proporaonal lo afRnity? Th^s question can be addressed 
by a^yin^ the actrviiy of mucani versions of X or Y 
that d4irer ax single r&aducs and bind lo die parmcr pro 
cein widi diffenng aflSmues. For die p53-SV40 large T 
ant^en combination, a good correlaiion was observed 
between iranscripuon and affinity^. Affinity may be the 
major variable in dexenmnjAg die aniouni of uanscnp- 
uonal aoiviry, the concemranon of proteins, e^aent of 
nuclear import, accessibility of die X-Y domains to 
each other, and accessiOility of che activation domain to 
die transcnpaon machmery may play more mmor roles. 
It may, dierefore, be possible wuh a defined pair of 
proteins to escablsh dissociation values for novel 
mutants of one ptoiein by fiisi generaung a standard 
Curve basird on htocbcmically determined Kp values of 
existing mutants. This should be feasible as long as ihc 
mutant proteins all have simxlax stabiliues. 

The cwo-hybrid system has three major applicauons- 
testing known protems for mteracdon, defining 
domains or amino acids critical for an interaction, and 
screening libranes for piotems that bind some taiget 
proteiiL Known proteins may be considered Ukely to 
interact with each other on the basis of geneciC Of bio- 
chemical data, physiological expenmencs, sequence 
similarities, or ocfacr cntena. If the genes that encode 
them are cloned, hybrids can be generated in which all 
Of pan of die proteins are fused to DNA-binding or acti- 
vaaon domains Hybnds may be designed to include 
domains based stnicmral features of a protem, to 
initiate from a conveni«rni rcstncaon sue wuhm a gene, 
or to include an entire coding sequence. The plasmids 
an? introduced mio a yeast reporter stram anO :as$ayed, 
generally by the production of ^gaiaaosidase activity 
from a itw^ reporter gene, Examples of defined combi- 
nations of yeast profdns thai function in this System 
includi:: bodi die Ga-Gp and Ga-G^ subumis, which 
fimcuon in phcromone response^, the splicing factors 
PTp9-5pp91 CRef 9) and the mitochondrial proteins 
Pet54-Pea22 CRef. 10). Exampirs from mammalian cells 
include- oncoprotein Of cumor suppressor combinaaons, 
such as JunrJ^Qs CRef. U), p5^-p53 (Kef 12) and 
Rt>-SV40 large T antigen^^; proteins invoked in Signal 
uansducnon, such as Sos-Git>2 CRef 14); protems 
involved in tianscription, such a* TATA4?inding protein 
(TBP)-TBP-ai>sodated faaor hTAFjj250 CRef 15); and 
virai proteins, such as human immunodeficiency virus 
CHTV) Gag-Gag CRef 16) 

If an inieiacuon ts detcaed, the domains of inter- 
action can be delineated by making suitable deletions 
in the genes encoding X and Y and introdunng plas- 
mids with these deletions mio the reporter strain. For 
example, a I92'residue domain in the p85 subumi of 
phosphatidylinosicol-3-kinase was found to interaa with 
the pi 10 sutxinii of this cnzyme^^ hoIi er al'^'^ used 
analogous deleaons of pllO tt> identify a a27-ies;idu5: 
domain chat can bmd to p85 Once specific inrer- 
acnng domains are identified, the cwo-hybrid assay can 
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be used to identify residue^ criucal for the mieractioa 
For example, residues imponant for the inttfracuon of 
p53 with SV40 Uige T anugen wtre ideniified by 
mutagenesis <^ small domains of the p53 protein 
followed by blue/wfaiie lacZ saeemng^ Many p53 
mutants diac failed lo inieact wiih T antigen were 
idenufied, and diese cx>rre^nd to si&?s itiai are 
changed in human cancers. 

Perhaps the most powerful current applicauon of 
the cwa-hytod system is m idenrifytng proteins that 
inceiaa with a given target pxocein fused to a DNA- 
binding domam. Typically, Ubianes are consoucreC in 
which total cDNA denved from an organism or tissue is 
fused to a sequence encoding a crdnscnplion activation 
domain These libraries generally contain >10* inserts, 
although only one-sucth of these are likely to be m 
che coriea orientation and ntading frame Both oiigo 
dJ- and random-primed cDNA libraries have been 
generated, as wdl as size-seleaed Ubranes that encode 
only small procein domams. 

In a two-hybrid seaxch, it is critical that the bybnd 
piocein containing the DNA-bindir\g domam and the 
target proie ji docss noi itself produce any transcrip- 
oonai acQviry, otherwise, ir is Lkely that anefaciual 
positives Will be produced by, for example, increases m 
the copy nuxnber of the DNA-bind;ng domam plasmid 
or stabUization of the DNA-bindmg domam hybrid (see 
belowj It is best to perform libraiy searches in a steam 
hat contains both a sejeoable reporter, such as HIS3. and 
I second reporter ihat results in a color, such as UtcZ 
Jtef. 13) If the plasmid encoding the DNA-binding 
iotnam hybnd confers no selecuve disadvantage, xi 
:an be transfonned first, before retransfoimation woh 
he activaiion domam library. Alternatively, the DNa- 
3inding domain plaanid and U^e library are cocrans- 
•brmed, selecting for HIS3 transcription by plating on 
Tiedia lacking hisiidme Colonies are then analysed for 
i-galaaosiOase acaviiy by irairsfemng them to a filter 
ihai IS placed in a solution of the chromogenic substrate 
X-Gai Strams with dual reponer genes have several ad- 
vantages. First, the selectable reporter allows a higher 
plating density than is feasible wiih a color screen, 
Second, the use of two reporter genes whose promoters 
are similar Only at sues required for inieracnon with the 
DNA-binOing domain can eliirunate many false posi- 
[ives^s. Third, continuous hisadine selection throughout 
subsequent procedures eliminates irrelevant library 
phsmids that may have been cotransfotmed with ihe 
plasmxd of mteiesi. Moreover, plasmids that are toxut to 
Che yeast can undergo rearrangemenis or mutauons that 
ehminace expression of the activiitloii domain hybnd, 
cells carrying these mutant plasmids tend lo be lost 
as they do tKx survive under selection. Fourth, the 
^galactosidasc actrviry of iransfoimants under HISS 
selecaon is generally enhanced: this is probably 
because the transformancs must produce the hybnd 
proteins in quantities ihat enable the HIS3 gene K> t)e 
e^qjressed at lev<;ls that permit growih, and lacZ 
transcription is also increased as a cotosequence 

library searches have now yielded proteins that 
mtciaa w«h a variety of target piDceins^^2.i5.i9-24 xn 
studies of procdns invoh^ed in regulation of the cefl 
cycle, die cyclin-dependeni kinase Cdk2 was used to 
identify a 21 kDa protein^. Cipl, and the related kinase 



Cdk4 deteoea a protein of 16 kDa^S; these small pro- 
teins inhibit the catalyuc activity of the kinases and may 
play a major role m tumongencsis^, Cdk2 also ident- 
ified a new protein. Rbr2, which is related to the 
retinoblastoma proiein^s^ and the cychn-dependent 
kinase Cdc2 detected a protein phosphaiase Cdil (Ref. 
29). The transcriptional regulator Yin-Yang-i was found 
to bind CO C'Myc (Ref. 50), and Bd2 to R-Ras CRef- 31) 

An extension of this technology is the one-hybnd 
system, used to idenofy proteins that bind a specific 
DNA sequence^^. It is used ^en the DNa sequence 
bound by a pK>teln is known, but the gene encoding 
die protein has not been Isolated, Two components 
are required: a library, identical to those used in the 
two-hybnd approach, ^ random proteins fused to a 
transcription acuvaiion domain; and a reporter gene 
regulated by the specific sequence The yeast strain 
used must ncx express the reponer gene, indicating that 
the DNA sequence of interest b noi bourKl by any 
endogenous activator. Introducuon of the liDraxy and 
selccii<»i and/Or screening for reponer gene expression 
identifies plasmids encodmg the desired DNA^binding 
dcwnams This method was fir^ used to clone the gene 
for an olfactory neuronal ixanscnpaon faaor^s and 
more recently for a component of ihe yea^t origin 
recQgniUon comploc^s jc appears to work well for norv- 
abundant DNA-bmding proteins, whose biochemical 
purification is difficult. 

Probkms and pii&lls 

The cwo-hybnd system cannot assay ail proteow 
piotem mteractions. Proteins that cannot fold correctly 
within the odl or be imported into the nudeos are 
clearly not suitable. Although mteraccion of an antibody 
wah a protein anugen has been demonstrated in this 
system CP Bartel and S. Fields, unpublished). It may not 
be possible to reproduce inieracuons mvoMng other 
extracellular proiems- many are glycosylated and/or 
contain disulfide bonds, modifications not generally 
compadble with a nuclear-based system. Thiis, the 
assay may be of limited use in analysing receptor-Ugand 
inteiacuons that usually occur outside the cell; how- 
ever, u is likdy that the intracellular domains of mem- 
brane receptors wjH function m the cwo4iybnd system. 

Similarly, interactions that art mediated by post- 
oanslauonal modification, such as phosphorylauon, 
may not be detected. For example, proteins widi SH2 
domains require phosphotyrosme in the proteins to 
w^di they bind, and phosphorylauon may not 
occur in yeast. However, u rrught be possible to phos- 
pbcryiate a target pr<»ein so thai n can mtcraa with 
SH2-containing procems by coexpressing a cyrosine- 
specific protein kinase In general, although certain 
proteins may not be modified as they would be in 
animal cells, proteins produced in this eukaryocc 
system are probably more like their natrve state than 
those produced in bacterial systems. 

If the procem-pictein mteiacuon is mediated by an 
ammo-ternunal domain of either protem, the standard 
onenmaon of the hybrid constructs may nox work 
because the transcription factor domain blocks accessi- 
bility, in such cases, the orientation of the hybnd can be 
reversed. Proteins thai acavate transcnpaon when fussed 
to a DNA-binding domain can also cause problems 
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Box 2. Prospects for funM applications of ibc two-hybrid system 



(a) 



Nucleus 



Transcripiion 



UAS 



Reporter gene 



TTie two-nyt}fKl system 



AiWOional app>liQiiQrw cf the iwo-hyt5Jid syswm are cw- 
renoy Demg developea. Here, we describe lis use bi 
analysing proccan-pcpCKlc i nrrnicTTo ns and m schemes for 
drug disc(7very. Exceridrng me sysiem to search for all poss- 
ible imencaoas inight lea^d eo xhc gcnconoD of ^procem 
linkage map^'. FmaUy, wc dt^cuss an analogous system dm 
allows lAdacible regulation of signal cran^duciion 

The twp-hybnd system can be used lo assay inieraciions 
wneie one componem is a small peptide \(/hen xh^ 
Rb procem is fused to tne GaI4 DNA-bindzng oomam, a 
i3-jesidue peptide dm w dcmcd fiom 5V40 laigc T am- 
geu and contains the Leu-X;-Cys-X-Glu motif found in 
$cva^ KtH;>inding proteins iS suffidem lo acavate vanscnp- 
cion y^hen f^taeei to the Gal4 activation domam CT Oad^, 
S- Corovus. C. Hetisey and W-H. Lee. subimned; M. Yang 
and S. Fidds, unpublished) On xhis basui, a library was 
constructed m wtuch syndicucally gencrawd oUgonu- 
dcoodes encoding a l6-residue peptide are fused to tne 
Gal4 ac&vation domam CM Yang and S- Fudds, unpub- 
lished). Tins v^s searched for Rb-Oinding peptides and sev- 
eral peptides comsiinmg tht; ieu-X-CyS-X-Clu sequence 
were idcnufted. Thus, such a library nught be used to ident- 
ify novel pepLdes, m much the $an)e way 3$ phage di^slay 
sy^wjns are used. These could then form the basiS for 
synthesiimg peptides that have ihcrapeunc pownuai. 
A second potential use erf" the cwo-bybr^d systtm m drug 
ts in iden&fyuig small molecules that inhiOxt a 
protein-protein inCeracuon Th»s would involve making a 
yeast strain mat produced an easily detected reporter pro- 
tein. Such as liicifcr4«*, as Che result of a rwo^ybnd mtcr- 
acuon. The X and Y proteins assayed would be targets for 
drug intervenoon, sudi as viral protcir^s Scrtcnoig dus 
stmn wnh vanous c«npounds would identify those mar 
mhibic the X-Y interaction by bmdmg to one of the pro- 
teins, as deteocd by dccitased reporter gene expression. 
Such an approach has several advantages- it is on m z^vo 
assay, and any inhibitor must cross the cell membrane co 
have an effto; however, unJiJce in other r/i iftvo assays 
ihac rely on, for example, inhibition of vwA growth, in 
this iicreer;, the Catgd of any inh^iior would t>e clearly 
defined. 

Given the diversity oS protein interactions that are 
detected m the two-hybnd system, diis technique might be 
feasible on a genome-widc basis. The idea a to gcneraic 
tandom tibranes of bom DNA^binding domain and ac- 
ttvaiion domam hybnds. and to screen these against each 
other to detect a large number of ingerncriops This might 
allow pTQWiXi A to be idennfied as binding to protein B, B 
as binding to C, and so on, ulJStnately allowing rhe con- 
struction of a 'protein Imkage map'. ThiS strategy may be 
applicatrie to entire simple organisms or to complete struc- 
cunis of ocber organisms. It might allow one-dimensionai 
sequences gcnefaien feom genome t^uencin^ pxOieccs 
to be convened into a more thxee-dimensioma view of 
protein-protem mterachons 

The logic of using the mceracnon o^ two hybrid protems 
can be extended to analyse other fundamental cellular 
processes The pimopie of the two^ytjrid system is mat 
noncovalent irueraction of two proceins irxggers a process (transcnption) in which mese protems rKjimally play no role, 
because of their covaknt linkage to d omaiTw that funcnon m this process. In a novel memod described by Schreiber and 
Crabcrte^, iniracelluhr oligomerizaiion of cell surface receptors was effected by Imkmg tbero lo an immunophilin, FKBP12 
(see Figure) A Ugand, FKa012, could bind two FKBP12 domains, causing aggreg^on of intracellular T cell receptor 
C domains and miiiaiing downstream sigr^aling events, in this method, the inducible noncovalent inccraoion of two pio^em:^ 
(both die X and Y componcnis of the system ait FKBP12) tnggeis a process (sigmi ttansduciKwO because of dieir covalenr 
linkage to domams tnac function in mis process U domains). Omer strategies using hybrid protems may be designed to study 
additiorul biological phenomena. 




Tyrosine Kinase activatton 
Ugand-reguiaied aciivauon of signaling 



Hgnrc; Companson of the two-hytmd system and a method that 
allows mdiicii^e regulation of signal iransduaiorL (a) Ths cwo- 
hytmd system, m whidi the inieracodn of two proteins X and Y 
causes trmscnphon by bnngmg the tianscnphqn fector domains 
CfiEed and hatched circle^ mco prcoomity. Q>) A system in which 
Agnal ti^nsducttOa IS controlled usuig syiithetic ligands Hybrid 
proceins are induced lo mceracr because ^ley contain FKBP12 
dumams (.Open Shapes). Which bind me ugand FK1012 (double- 
headed arrows). ITiiS leads id the aggregaoon of T cell leoeptor 
^ domains (shown as ^ed and hatched cirdes to make chc 
analogy Wiih the two-hybnd sysEem) and, consequently, acu- 
vaQon of the receptor and downsream signaling 
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In som$ cases, acnvauon reflects ihe mie fimcnon of a 
proicin in cronscripnon, buc m many cases random 
ptocems or prottin domains can cause acuvaaon^. If 
sach a pioiem is being tested m a defined comt)inauon 
with a known paruier, it can be used instead as the acn- 
vation dotnain panner However, if it is used in a Ubraiy 
search, the residues rc:>ponsiblc: for transcriptional acix- 
vation'musi ftfsi be deleied, it is often in^»ssible lO teil 
what effect. this might have on it* ability to bind other 
proteins. 

In assays of dc?fined protein combmaCons, ont? orien- 
WDon of the hybrids U.c. X fused to the DNA-bindmg 
domain rather than to the aciivauon domain) often 
activates transcnption much mote effiaently This may re- 
flea differences between the expression or stability of hy- 
brids conaining X and those conlaining Y Transcnption 
IS opamal when the acuvaiion domain hybnd is m 
excess over the DiNA-binding domain hybrid. When the 
reveibe is true, DNA-bindmg domain hybrids bound lo 
the HAS are less Ukely co be engaged in the X-Y 
protein-protein interacaon. In some cstses, as deletions 
of one hybnd are constructed and assayed to define a 
minimal domain for interaction, iransoiplion mcreases 
Significantly ^Wliile in certain mscances this may be 
because residues that arc not available in the iiuaa pro- 
tein are exposed m a shorter domain, ii might also be 
rhai smaller proteins Of domains simply work beaer in 
ihis system. 

In iibiury searches, false positives do occur certain 
plasmids activate reporter gene expression bm do not 
encode a protem that binds the target protem. These 
false positives are often caused by the library plasmid 
encoding a protein mvoived in transcnption; m other 
cases, It ts unclear how the encoded protem activates 
rranscxipiion. Cenam false posiuves are paracularly 
pu22lmg With these pLiSm;ds, reporter iranscription 
depends on the target protem moiety being presem 
m the DNA-bmding domam hybnd; when only d>e 
DNA-bindir^ domain iS present, these plasmids canncx 
activate transcription^^ To rule oat such false positives, 
plasmids thai come throu^ the micial selection and 
screening steps must be tested widi hybnds of the 
DNA-binding domain and onnslaied proteins, A rapid 
generic test for this has been descnbcd^^. In any event, 
false positives do not appear to be caused by non- 
specific binding of proiems to numerous other proteins 

Finally, mieraction of the target and library-encoded 
protems does not necessanly mdicate that they 
aonnally mteract in uwo. A protem family, such as the 
family of leucine zipper proteins, may have many 
members. While two of tnese may produce a signal m 
the assay, diey may never normally be present m the 
same cell' type, or cellular cO0^>anment. or dunng the 
same sCige of the ceU cycle. Sunilariy, die cwo-hybnd 
system may assay an mtciaction between domams that 
are not accessible in the native protem, parucuiarly 
when an mteractiOn is mediated via a shon sequence, 
such as the interaction of the Rb protein wim a 
Lei>-X-Cy5^X-Glu motif. If this motif occurs in a 
normally non-exposed domam of a protem that does 
not bind Kb, it may produce a signal when the isolated 
domam is specified by a hybnd vector Of course, other 
methods for oetectmg protem-proiem mieractions can 
also yield arxefactual signals, and mieracnons deieacd 
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m these and in the two-hybnd system ^ould be 
confirmed by biologicai or biochettucal experiments 

Condading remarics 

Over the past five years, the usefulness of the rwo- 
hybfid system for detecting a wide rangt? of 
pfocem-proiem interactions has been demoristraied- 
this system has been used to study mtOTCUons 
between known proteins and, perhaps more im- 
portantly, to identify new proteins that interact wiih a 
known laiset protem. It has been particularly valuable 
for saidymg proiems thai control the cell cycle, n^gulate 
transcription, and fimcuon m oncogenesis arKl tumor 
supprc:ssion Given its broad appLcabiky, it seems 
likely that bodi this system and other systems that make 
use of hybnd proteins (see Box 2) will prove useful m 
rnany areas of research 
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■S. J^fELDS IS IN TUB DM^AXt^fENT Of MOi£CULAR (jESFUCS 

ASD M f TRVft roiocr AND SL STE&NCiAirz 4$ /y the 
j Defaximsnt CP smrfte&iismr attd Cm BtoLOGr, The 
STATe U^ivatsnr op New yoizjr Jtr Srotinr Bkock Sronry 



A polymerases are enzynaes imi cmiy$^ Ihc 
foimaiion of 3-5' phosphodiesier bonds between 
nbonucleoside triphosphaKS. RNa polymerases can be 
divided into two evolunonary groups according to chcir 
subunii composition. Smgie-subuiuc RNA polymerases. 
Such as tho$e found in miiochondna and xhe bacieno- 
phages SP6 and T7, transcnbe 3 limited number of 
genes in a Hnall genome In concrasc. ihose such to RNA 
polymerase in Escbtncbia colt and IINa polymerase n 
in eukaryoces axe composed of muluple subuniis 
and are responsible for Che regulaied ocpression of 
thousands of genes during cell growin and diffenm- 
oaiion. Although RNA polymerases wich Single and 
mulnple subuniis ^ho^ no obvious sequence homology, 
the possibility chat ihey have a common cvoluuonary 
origin cannot be mled oui^^ 

Here, we focus on £, coli RNA polymerase and 
human RNA polymerase n. Wc compare promoter 
recogniuon, che fomiau<Mi of dosed and open com- 
plexes, and abonive and pfoducuve transcripLon, and 
finally discuss how a recenily discovered nud^rase 
aoiviiy associated v/ith iranscnption complexes of 
both these polymerases might suppon resumption of 
cranscnpixon when the complex pauses. 

Assembly of the iraiiscripdon compkx at xhe 
promoter 

The RNA polymerase holoenzyme of E, coh consists 
of five subuniti. P' (l65 kOa); ^ (135 kDa); rsvo ident- 
ical ql subumcs (each 35 kDa); and one of several 
specific G minanon factors, the most common of which 
is 0-70 (72 kl>i) The spaual arrangemenc of the cora- 
ponencs w«hin the holoensyme has been analysed by 
elecnon oyscaJiogfaphy and neutron scanenng studies^ 4 
The core enzyme, consisting of the subumcs p'paot. 
fonns a dangle, with the two a subunics as the base and 
ttie two large subunits P' and p as the sides (Fig. la). 
The 0-70 factor binds at ifte center of chis triangle and 
makes coruaa with each of che other subunics, a70 can 
bind to DNa only when it is bound to the core enzyme. 
In binding DNA. ^70 makes concaa wuh the pronooter 
around che -35 nucleotide position as well as around 
the -10 position (the Pnbnow box) The core enzyme 
cQ(ntains all functions necessary for RNA synthesis, 
while the a factor mediates promoter specifidty>. 



From initiation to 
elongation: comparison of 
transcription by prokaryotic 
and eukaryotic RNA 
polymerases 

0IKK HCKy ANDREW W£D£L AND 
HERMANN HEUMANN 

MulnsutunU RNA pofymerases tn pmkaryoxes and 
eukatyotes share an evotunonarUy ccnserved core; Hcr^ 
we compare the processes of promoter recogjtinoit, 
transcription hd^asion uud transcript etongatUm by 
butmin Ma pofym^rase II and by the RNA polymerase Of 
the evbaaerimEscbericbiacok Akbougb tbesetteo 
pofymerases have diverged widely m structure, wtponam 
/unctions have bean conserved, suggesting that tbe basic 
mecbamsms 0/ RNA transcription are sindUrr in 
ffukaryotes andprolutryoies. 

The holoenzyme protects a DNA sequence of about 
50 bp ai the promoter and probably makes contact with 
the DNA via the c^o elongated laige subun*ts P' and p. 
The P* subumt has the capacicy to bind DNA, while p 
contains the acdve site for RNA synthesis. The a sub- 
units appear to be invoKcd in promoter recognition; 
il has recently been demonstrated for at least some 
promoters that these subunlts make direct contact 
upstream of the —55 region^ 

RNA polymerase II (p<^ II) is made up of more than 
ten suburiics The two largest subumcs are dearly related 
to the P' and p subururs in B coli RNA polymerase Two 
subumcs witft limited homology co che a subunics in the 
£, coll RNA polymerase have also been ideni;f4ed7.« 
Thus, pol H harbors a core similar to thac of £ coii 
RNA polymerase (this is also tnue for eukaryooc RNA 
polymerases I and UO The funcuons of che other =iub- 
ur\its of pol E are noc dear, and a putative role for these 
in promoter recogniuon has not /et been proven 
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Technological advances in high-throughput screening 

Prabhavathi B Fernandes 



A var'ieiy of as3&y technotogiea connnue to be dsvelc^d for 
rtgtvtnroughput screooffig. These IrKrlude cell-t>a8ed Assays, 
fiurtogate aystems usir>g mtcrobial cells auch as yeast and 
badftrlai tvw>-hybrkl and mree-hybnd systems, and ^sterns to 
measure nucle'ic acid-pro»b arta reoeptor^ligand imeraci^ons. 
Modificaiiorts riave been developed for cell-free, homogeneous 
assay systems, sucft as time-resolved fiuoreeoence, 
fluorescence polarizaiion and me acmlillarion prowmity assay. 
Innovarior^ in engineering and chemistry have Isd to deiivery 
systems for narKHiter volumes and sensitive biosensors for uHrar 
higMhrougnowt screening conducted in nanoliter and picolrler 
volumes. Spectroscof:^ m&mods have been extended to read 
single moiecijo fUiorescenc©. Technologies are being 
ctevaioped TO identify new targets from genome information in 
order to design the next generaiton of screerw 
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PCS fluorescence crosa^orrBiatton specnroscopy 

FP fluorwsoefwa polarnalion 

GFP graen ftuonesccm proi:^ 

HTRF homogenous Kmo-resoIvBd tluOresceoca 

NTS high-throughput sctgcti^ 



Introduction 

The demand for new chemical entitles against proven tar- 
gets, as well as compounds active against new gene prod- 
uces, has made high-throughput screening (HTS) 
increasingly important as the somcc of new leads for drug 
discovery [l'*,2»'], HTS is now closely linked to chemical 
synthesis and the goal Is to screen many targets against as 
tnany compounds as pos^blc. The large number of leads 
resulting from increased throughput in screening is 
expected to restiU in more compounds entering clinical tri- 
als. The quality of these screens is expected to improve 
the odds of getting new drugs approved. The throughput 
goals are being met by adapting assays to automation and 
mlnlaturuation in order to contain reiigent costs [3], Close 
woriting relationships between scientists in engineering, 
photochemistry and other disciplines with HTS groups 
has resulted in accurate delivery and detection sysrcms- 
Design and development of sensitive reporters has made 
microminiaturization of assays possible. HTS is no longer 
the bottleneck to discovering new leads and an incense 
effort is underway to identify valid drug targets from new 
gene sequences to feed the HTS machinery 141- This 
review covers recent developments in high-throughput 



screening technologies and their impact on sensitivity and 
throughput of screens. 

New targets from genomics 

Many thousands of new genes arc being identified from 
genotnc programs, lb convert genomic data into useful 
Information for designing saeens, however, the functions 
of the proteins encoded by these new genes must be 
determined tf pmri [5,6*71; therefore, the focus has shift- 
ed from genomics to 'proteotnics\ the science of under- 
standing the function of new proteins. In order to do that, 
the molecular circuitry or interactions of proteutf ericoded 
Oy the new genes arc under invesugaiion. Companies, 
such as Osford GlycoSciences (Abingdon. UK), are gath- 
ering large-scale infortnation on interacting proteins and 
identifying those that are specifically expressed in dis- 
eased tissue. The differential expression of genes in dis- 
eased tissues Is an indication that they rnay be useful drug 
discovery laigccs. One approach to develop HTS using the 
newly identified proteins is to find small molecules that 
Interact directly with the new ptoiein of interest. Gel fil- 
tration and tnass specaomeiry allows the separation and 
identificadon of compounds that are bound to the protein 
[8], 'Rscing ail of the compounds found In these screens, 
in whole-cell functional assays and animal models is a 
laborious process. In some instances, even knowing the 
biological activity of a protein docs not allow for the devel- 
opment of a high-ihrou^put screen. For example, fcnow- 
ing the role of Icptin in the control of feeding behavior was 
not sufficient to develop a screen to identify smaU-mole- 
CiUe agonists. Screening for small-molecule agonists 
became possible only when the receptor (the ^ gene 
product) that bound leptin was identified [9]. Small 
Molecule Therapeutics, Inc (Monmouth Junction, NJ, 
USA) has a proprietary technology, named FIST 
(Fimcdonal Interactive Screening Technologies), to devel- 
op screens for proteins whose biolo^cal activities arc 
imdefincd. Once Interacting proteins are found it is possi- 
ble to set up high-throughput functional screens using a 
variety of methodologies. 

Screen design 

Cdlliilar and org^nlsm-based systems 

Cell-based assays, using the function of die target protein to 
obtain a phenotype, mimic the bioio^cai role of rhe protein 
in a specific disease state more closely than cell-free assays 
[10], Fluorescent reporters, such as green fluorescent pro- 
tein (GFP) and its various mutants, have g^dy aided the 
development of whole-cell assays Chariges in Intra- 
cellular calcium levels can be measured using two GFPs 
linked to calmodulin [12~,13-151, Changes in the structure 
of calmodulin brougUt about by binding culcium brings the 
GFPs together or dnves them apart, resulting in the 
Increase oi loss of fluorescence resonance energy transfer 
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(FRET) becwccn the cwo GT?% Muianis of ludfeiasc, 
another frequenily used reponer with long-lived lumines- 
cseace have been made 1 16], l^in and co-workeis [17'1 
have described another innovarive reporter technology 
using p-laciamase with a fluorescsenc substrate. In this 
method, a novel p-Iactam substmtc b used that fluoresces 
when die p-laccam ring is cleaved Whole model org&nisms, 
such as CooiO^bdias tkgOns, are also useful for idcnrifying 
ihe f uncnon of proteins, but are too cumbersome for screen- 
ing thousands of compounds. Sunogace microbial systems, 
including yeas: and bacterial models, have become a useful 
alternative to animal and mammalian cell sysuems for 
saeening [Plj8a93. 

Systems for proteln-RKA and protein-pfoteTn 
Interactions 

The nature of the interacting sxiffaccs between proteins and 
between RNA and protein has made it difficult to find spe- 
cific smaU-moiccule inhibitors of these interactions. 
Standard ligand-binding assays have not been particularly 
usefiU because ihcy do not tafce Into account the complexi- 
ty of intcracnour^ between multiple facets as well as multi- 
ple proteins [20"]. Hius, complex screening systems such 
as phage display and tianslauon or transcrlprion-based 
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Bacwnal t»»wotiybrid proxem imeraction iochno»ogQ^ Ui> RNA pcslyrmfaae 
noioenzyme is made of 5 subunits, ^1 , S ce9 and a It binds TO me 
piOfTiOWsf (-3S XO-l 0). The csifbOj^-Wrnunal domain inieracxs wrm iha 
upstream accwaxor sequence. An easily raaOfltrts reportesr. swCti 6S LacZ 
Or ^"^aiactostdBse. « read from The promoosr. Binding or prDteiris such 
as Xci to arKith«r upstream actnator ^le t^MYtuiaies transcription. 
tt» Th^ caitkOocy^iBnninat dbmain or me a sutxjnits havo been r^ttaced 
wnh one parkier Otx^a imaracong proTcin pair (Pi) under study. XCf a 
proisin wAn TWO comajfts th^ binds aa a duner to the adfvacor sne. 
WhOrt (W canxMy-terminal dO<tia»n irneracta witfi Ihe a subuort of RNA 
poiymer&aa. tianicripdon is sumulated. The cartx^y-xerrninal dontain at 
Xci is repUced by me second pro/tcin (P2) of ine mtsracting prO^n psir 
under sudy. Sinding ol protems Pi and P2 bnnQts me RnA polynWftTc 
to the Xci acLvaior and transchplion of LacZ or p-^aiaciosidase is 
stimulated. Adapred. wrth pem^ssioix trom I28]. 



assays have been developed. More recently, an assay based 
upon translation repression using Sacdiatomyces cnwisiac has 
been described 121], In this method, translation is repressed 
In yeast and mammalian cells when a protein binds specifi- 
cally to the 5' end of mRNA- This repression is stenc in 
nature and the phy&oiogical funcdon of the protcin^-RNA 
intcracdon is not important. This method, called TRAP 
(translanonal repression assay procedure), has been validat- 
ed with three prototypical systems using yeasc the binding 
of bacteriophage MS2 coat protein to MS2 rcpiicase mRNA; 
the binding of the iron regulatory protein 1 to iron-respon- 
sive elements: and die binding of spliccosomal protein Ula 
to loop 2 of Ul small nuclear RNA. TRAP is adaptable to 
high-throughput screens in yeast and to mammalian cells for 
the idcnrificacion of phannacological agents. 

The yeast two-hybrid system has been used roost fre- 
qucndy CO identify interacting pairs of proteins. The use of 
the yeasc two-hybrid s-ystem for identifying rcceptor-lig- 
and interaction was previously described by Kajkowsfei 
ef &l {22] and Pausch [23]. These findings have been 
eactended by Zhu and Kahn [241, who have used a similar 
system to Study the intcracrion of rhe extracellular domain 
of the insulin-Ulte growth facror-1 receptor and pioinsulin. 
A variety of modiflcadons of the yeast two-hybrid system 
have been developed. A yeast three-hybrid system has also 
been developed to identify oontaccs between larger pro- 
tein complexes such as between the subunits of the RNA 
polymerase holoenzymc and the uanscripdon/PNA repair 
factor TFIIH [25]. It has been noted that in a simple two- 
hybrid configuration, these proteins can be targeted non- 
specifically by other proteins. The third protein partner in 
the three-hybrid pair allows for, or prevents, the fonnauon 
of the transcriptional activator and is regulated by the 
Met25 promoter. This is easily turned off by adding 
methionine to the growth medium. A similar three-hybrid 
system has been used in mammalian cells to Idenrify 
rapamydn analogs that interact with FK-binding prowin 
(an immunosuppressant) 12 (FKBPl2> and FKBP12- 
rapamycin-associated protein [26]. Proteins binding to 
tnese proteins could have the potential for immunosup- 
pn^ssive activity. 

The two-hybrid screen, which is widely used with cert- 
visiae, is relatively insensitive to pharniaceuiical agents 
because of the nature of its cell wall and membrane, as well 
as its multidrug e0lux systems. Cell permeability by small 
molecules is less of an issue with the simple bacterial two- 
hybrid system usuig Rseheridtia coii as described by 
Hochschild and co-workers 127'*.28]. In this system, the a 
subunit of RNA polymerase is designed as a chimera, with 
one protein of an interacting pair fused to the carboxyl ter- 
minus of the a subunit. The second protein of the inter- 
acting pair Is fused to a DNA-t>ound activator protein, such 
as the cyclic adenosine monophosphate leceptor protein. 
When these proteins inreracc» the DNA-bound activator 
contacts the a suburut, stabilising the binding of RNA 
polymerase to the promoter, resulting in transcripaonal 
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acilvadon [28] (Figiue Jb). The bacrcrial nvo-hybrid Sys- 
tem wiil be more uscflil in HTS because bacteria can be 
eofi^neefe<3 zo be pcnncable lo smail-molecule Inhlbkors, 
Vectors have been developed for adapdng the cwo-hybiid 
sysicm 10 mammaliaxi ceils [29). Aa a result, multiple 
strategies are now available f6r scieening for inhibicofs of 
piooein-proccm interaction. 

Microbial sy^ms with increased permeability 

In order to overcome mulridrug resistance and make yeast 
more suitable for screening, the funcuon of the ATP-bind- 
ing cassecte (ABC) transporters, such a^> P<lr5, Snq2 and 
Yorl, can be disnjpted. More recently, it has been noted 
rhai the transcription regulators, Pdrlp and Pdr3p, of these 
efflux pi;mps down-regulare the expression of hexose 
cianspofiers Hxtll and Hxt9 [30], Overexpression of the 
hexose tiansporceis coupled to disnipuon of the ABC trans- 
poaxeis yields S. cerevtsiae with Significantly improved drug 
sensinvity resiUting in a useful host organism for screening. 

Homogenous systems for screening 

In order to idcnrify small molecules that do not permeate 
microbial cells, cell-free protein-protein inccracdon aitsays 
and enzyme subsnatc assays have been developed These 
use standard ELlSA (enzyme-Hnked Immunosorbant 
assay) formats, homogeneous timc-resolvcd fluorescence 
(HTRl'') and fluoresceiKrc polarizarion (FP) technology 
[Si**]- ELISA assays have noi been useful for finding small 
molecule inhibitors because it is unlikely that small molc^ 
ciUes can block, high affinity andgen-andbody intexaccions^ 
Timc-resolvcd fluorome^y is being applied increasingly to 
screening appHcadons [32,33 ••,34], Furthermore, diis 
method is adaptable to tesdng several thousands of samples 
per day and Is based upon FRET When two fluorescent 
molecules^ a donor and an accepioi, are brought into close 
proximity to one another, the donor transfers its energy 
directly to the acceptor. The aocepcor, which has different 
fluorescence properties, emits light at a different wave- 
lengdi than the donor. This difference is then detected, 

Hgurea 

FP to detect ctianges in site Ot leSl 
nnolecules. Detection Oft fadanO-recepior 
Dindtng by cnanged tn FP. (8J A Smait 
lluorescem mdeculd, euch as a |at>elecl 
ItganO, roiaies rapidly in solution and doe^ ooi 
onerrt in The plane Ot pclanzed Iignx- Hence 
Xhfi IfQhT IS Odpolanzeo end ma pdanzBum 
value is low. <b; NA/hcn vnult tluOfi::fOeni 
molecules or Jigands bifkd to tar^gdr 
nutcromdeeuled, ewcn as a apeofic receptor, 
me resuimg Dound motecuie ooes not rcnaie 
taei and onenis m me plane of pdanZed IfOlTCt 
Hence the b^hi is pc f ert7fvi arrd ine 
potarcanon value is nigher. Ligand, Eghl gray: 
fluorescem taisel, wfiite; receptor, dark grey. 



In one version of this technology, called homogeneous 
lime-resolved fluorescence (HTRF), the rare eanh ele- 
ment lanthamde oi europium is protected In the macro- 
cyclic rare earth complex. Called cryptate. and is used as 
the donot XL-665, a modified allophycocyanin b used as 
the acceptor. Both of the labels are stable, resist fluores- 
cence quenching and are easily conjugated to biomole- 
cules of intcreai. The slow fluorescence decay profile of 
europium can be measured after the ininal decay of 
short-lived background fluorescence seen typically from 
biological materials. Complexing europium with crypiate 
protects It from fluorescence quenching and also 
enhances iis fluorescence. Proteins can be directly or 
Indirectly ihrough secondary Interactions such as biotln- 
streptavidin or antibody mteraction. As the method Is 
homogeneous and does not require a separation step, it 
has been apphed to enzyme-substrate, receptor-Ugand 
and protein-protein interaction based screening, A time- 
resolved fluorescence (TRf ) method that predates the 
development of HTRF is readily available from Wallac. 
AG (Gaithersburg. USA) [33"], This technology 
involves the use of lanthanldc chelates and europium or 
terbium as the fluorophore. IniriaUy, Wallac, AG's tech- 
nology required a separation step after the incubation 
step^ but recent modifications Include a number of 
homogeneous methods, 

FP is yet another altemadve. nonradioacilve, homogenous 
assay system [35**]. Ir is based upon the intensity of polar- 
aed light emitted from 0uorophores in solution when 
excited with plane-polarized light. The speed at which 
molecules rotate is dependent upon their size when the 
viscosity of solvent is consrant. When excited with polar- 
ized light, smaller molecules emit light that is random or 
depolaiizcd as they tumble very fasu When small mole- 
cules bind other molecules, the retention of polarized light 
will be proportional to the increase in size and decrease in 
mobilicy of the combined molecules (Figiue 2X The rela- 
tionship between pdarlzadon of fluorescent molecules 
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and cheir locadonal diffusion has been cxploiccd cxien- 
sively in biochccalsny and medical diagnostics. 

More recently FP has been successfully used for Tyrosine 
kinase assays [36*], FP can also be applied to leceptoi^g- 
and binding, proirln-proccin intciaction, protease, pro- 
tcln-nuclcic acid and ochef interactions where die substrate 
changes in size after the reacaon. The labeling reagents 
required for FP are less expensive and more readily avail- 
able x^^^ for HTRF or TRF and the labeling procedure is 
simpler. In some FP applications, huge amoimts of anti- 
body are reqiiired. This drawback has been overcome with 
the development of a compeciuon immunoassay In a pro- 
torypical competition FP, an unlabeled procein or pcpddc Is 
used and the reaction product, imlabeicd phosphorylated 
tyrosine peptide, competes with a tracer, labeied-phospho- 
ryiated tyrosine peptide, for the antiphosphotyiosinc anti- 
body, thus reducing the polarization signal. 

Other homogeneous methods, such as sclntillarion proxim- 
ity assay have been adapted to HTS by the availability of 
microplatcs, where the scintiUant is directly Incorporated 
into the plastic of the microliter wells 137], 

Reporter detection technology 

Reagent costs for ultra HTS arc formidable if sample vol- 
umes are ui the microliter range; therefore, high density 
plates have been created for nanoliter volumes. The 
decrease In reactions volumes has forced the development 
of very sensitive reporter and reader tcchnolo^cs. 

Spectroscopic mdtho<lG 

Fluorescence has traditionally been the most sensitive 
and efficient method of detection for biological assays. 
The highest level of sensitivity for fluorescence-based 
assays is through the use of laser-Induced fliTOreseenCe 
detection of single molecules. Burst-integrated fluores- 
cence lifetime (BIFL) spectroscopy is useful for monitor- 
ing conformational changes of a single molecule. It 
combines the advantages of sclecavc TRF spectroscopy 
and selecdvc fluorescence correlarion spectroscopy [38*]. 
Fluorescence correlation spectroscopy allows quantita- 
tive statistical analysis of molecules relative to their 
kinetic parameters and fluorophore properties. Time 
resolved fluore^ence spectroscopy allows direct mea- 
surement and characterisation of the molecular state 
(39**], Using single molecule spectroscopy It is possible 
to measure changes chat affect a single molecule rather 
than averaging the changes in populations of molecules in 
solution. In the example chosen, the conformational 
changes of a tetramethylrhodamxne-labeled ONa duplex 
in solution were measured using far-field confocal detec- 
tion coupled to two-dimensional real-clme spectroscopy. 
Thus, fluorescence intensity and lifetime are measured 
simultaneously on a single molecule. It is likely that 
BIFL will be used in saecning to measure molecules 
inpcracong with receptors, DNA and RNa, as well for 
measuring enzyme fimction. 



Enzymes can generally be classified as perfonning cleavage 
reacrions Or joining reactions. Those chat perform cleavage 
reactions include proteases, nucleases and phosphatases. 
Those that perform joining reactions include kinases and 
llgascs, Eigcn and co-worfcers [40**,4l*T have developed a 
dual^olor fluorescence cross-corrcladon spectroscopy 
(FCS) method to measure molecular fcagmentation and 
assembly resuldng from the activity of such enzymes. In 
this method, FCS is coupled to a highly sensitive Single 
photon detectOL In the demonstration of the use of this 
technique, the fluorescence dyes, Cy5 and ihodamine 
green, were attad:ied to the ends of a double-stranded 
oUgonuclcodde in which there was a single EcoRl restric- 
tion enzyme reoognirion site. The satnples were tested at 
very low concentrations and in femtoUter volumes in order 
to measure the cleavage of a single DNA molecule. The 
sampling window was created 'on-the fly' by focusing two 
lasers at 488 and 633 nm wavelengths into the sample and 
allowing die path of laser light to cross within the sample 
volume. The spot at which the two lasers cross is the only 
part of the sample that Is exposed to both wavelengths of 
lazier light. The excited phoxbns that are emitted are col- 
lected on dual wavelength detectors. The blfluorescent 
DNA moieciaes will emit at die two wave lengths as they 
diffuse through the intersection of laser light. As the ONA 
ia cleaved by the DNA restriction cndonudease. the corre- 
lated fluorescent molecules decrease. Nonenzymatic reac- 
tions involving association and disassoclation of molecules 
could also be measured by FCS, 

CHamJcnl fluofophores 

Chemical sensors or synthetic reoeptois have been devel- 
oped for sensing anions in a solution. These synthetic recep- 
tors use the principle of photo-induoed election transfer in 
photosynthesis and have been developed to decoct photons 
[42*,43j In this system, iluorophores are linked to an anlon- 
binding component called the receptor. The mteracuon of 
the photon with the receptor changes the fluorescent prop- 
erties of die fluorophore. An electron is transferred from the 
receptw to the {luorophorc when light is focussed on the 
receptor. This reduces the exdted state of thQ fluorophore. 
When die light Is turned off, the photon moves back to the 
receptor and the light turns on. The receptor or the linker 
can be vaned to suit the diemic^ change that needs to be 
detected Different arenedicarboximldidc iluorophores have 
been iu»ed to emit different colors to cover the visible and 
UV light range. In oxu: example, gusnidinium is pc^sed as a 
receptor coupled to a fluorescent probe diat can sdecdvely 
detect anions. The synthetic receptor Is made of three guanl- 
dinium groups hydrogen-bonded and Ion-paired with car- 
boxyiate anions in carboxyfluorcsccin, the fluorophore. The 
resulting deprotonanon makes tne receptor ansorb ultravio- 
let light and become hig^y fluorescent. When an anion such 
33 citrate displaces the carboxy^oiescein, fluorescence Is 
decreased [44]. Lanthanides have been used as the receptor 
or sensor. Wlien potassium or metal ions bind to the lan- 
thanlde, light is emitted when cxcLced widi UV light [45]. 
This technology will add to the fluorescent seissor field 
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through irs use in oompetiriou assays. It is being developed 
fuither for sen^ngncuronansmiucrs. 

New tcchnolo^cs nor involvmg the use of fluQiophorcs or 
labeling and using simple inscnimcnraiion are being devel- 
oped. A liquid crys^ial *chip' has been built as a biosensor by 
sandwiching a liquid crystal. 4<yano-4'pcniyibiphenyl 
between a pair of gold films I46*,47], The liquid crystals are 
Uicd 10 amplify and wan^iduce protein binding to the sur^ 
face for optical readouts. The guld films sre rougher in one 
dirccdon and ±e anisorropy caiises the molecules of liquid 
crysuU to line up in an orderly fashion, which is visuaiiiCd 
by polarized lighc In the prototype used to demonstrate the 
use of the liquid crystal as a biosensor, biorin was bound on 
the surface of the gold film and used to bait avidin. Binding 
of protein to the gold surface removes the surface 
anisociopy, disrupting the orientation of ihc liquid crystal 
molecules and producing a polarised light image that Is 
nonuniform and colored. This method has potential to 
become useful for measuring protein-protein, rcceptor-lig- 
and, ion binding and other biomolccular inteniCDons. 

Robotics and automation 

The decision to automate multipic tasks is dependent upon 
the number of assays, the type of sample and the through- 
put needed. The cose and effkrlency of large, core systems 
capable of multitasking, are compared with smaller, defined 
automation stations 148*1- Zymark Coiporadon (Hopkinton, 
USA) has built a modular system, called the Allegro 
System, for screening a thousand 96-weU plates per 24 hour 
cycle [49]- Tlie system is biiilt with an eye on conversion to 
386-well places when assays are sufficicndy robust to 
decrease reaction volumes. This capacity for screening is 
now referred to as ultra-high-throughput. Aiuora 
Biosciences Corporation (La Jolla, USa) has described an 
Integrated ulcra-HTS system that is designed to use the flu' 
Orescent reporter technologies of ^lactamase and GFP, 
coupled to its automated screening system [17',50]. The 
need to reduce assay volumes even further has led to high 
density mictoplatcs widi 1536-weUs, 3064-weUs and 9600- 
wells. Plezo-electnc Ink-jet dispersion is used for sample 
delivery in these formats. (A PiefcO-electriC device Is excit- 
ed by voltage to more particles. This technology has been 
adapted for delivering samples in high-throughput screen- 
ing.) More recently Cartesian Technologies {Irvine, 
Caiifofoia, USA) has developed solenoid ink-jet technology 
in which a rnicrosolenoid valve is used to generate droplets 
of five to ten nanoliierv Other methods, such as microcap- 
Ulary (Genometrix Inc; Woodlands, USA) and sdid-pin 
technolo^es (Bcckman Insnuments; FxUlerton, USA) arc 
available for transferring small droplets to a nanoplate 
[51^2**]. These last two methods have the advantage of 
being suitable for delivering 384 samples that are viscous or 
particulate simultaneously. Microfluldlc chips are being 
developed by Orchid BJocomputer Inc (Princeton, NJ, 
USA) for lUcra-HTS [53J. Caliper TechnOlOglfc*, Inc (Palo 
Alto, CA, USA) has developed microfabricaicd chips widi 
nanoscale fluid handling using elcctro^motic puti^)ing to 



move the fluid 154]. Miaofluidics and chip technology are 
being combined to develop microreaction vessels to which 
reagents can be pumped selectively Furnre saeening is 
escpected to use silicone and glass microchips, with automa- 
doD re^tOoled to high prcdsion robotics. 

Conclusions 

Screening throughput has been increased to high-through- 
put and ultra-high-througbpur to accommodate the large 
number of samples being generated from Combinatorial 
chemistry [55], Thus, the botdencck for drug discovery is 
no longer the generation of lead molectilcs. The challenge 
for The future is the idendficadon of valid drug discovery 
targets from die vast amounts of genomic Information, as 
well as the rapid characterization of leads to prove speci- 
ficity, selectivity and efficacy. Careful selection of valid 
drug discovery targets and the design efficient screens will 
move dmg discovery to effccdve HTS, 
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Abstract 

Sol-gel denved maienals offer a unique advaniage for ihe developmem of sensing and screening platforms m thar ihcy 
allow for ihc cnirapmcnt of mulriple species witfua a confined space. In ihis work, we show ibai ir is possible to cmrap an imacc 
proidn-pepdde inieracuon, consisiin^ of bovine calmodulin (bCaM) and meliitin, into a sol-gel derived siUcau; maicnal. 
Fluorescence emission data dcraonsuare that ihe enirapped coii^>lcx behaves similarly lo ihe complex in soluuon, and can 
undergo reversible dissooadon t^n iniroduction of the denamram guanidinc h>diochloride. Screening of aniagonisls of the 
bCaM-meboin c?ompic\ was accomplished based on induced dissociation of the entrapped complex, which was followed 
by measuring U» loss of sensitization of Tb(III) luminescence originating from energy uansfer from the Tip of mebttin to 
Tb(III) bound in the loops of bCaM. This study shows that entrapped proiein-pepudc complexes can be used as latgeis for 
drug screemng or for flU(^esecncc-based bioscnsing. 
© 2002 Elsevier Science B.V. AH rights reserved- 

Keywords: Prousjn complex; Calmodulin. Sol-gtfl, TcrDium; FluqresceriCtt 



1. Introduction 

The developmem of new niethods for screening of 
ani4goni$ts that modulaie the siaie of protein-protein 
interactions is becoming increasingly important [1-6], 
particularly given the role of such mieractions in 
the control of cellular processes such as signaling, 
growth and activity [7,8]. As such, modulation of key 
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proiein-^rotcin interactions has been proposed as an 
important mechanism in the control of human dis- 
eases including cancers [2] and viral diseases, such 
as HTV and heipes [7.8]. This has not only resulted in 
such complexes becoming the focus of many biophys- 
ical studies to elucidate the high resolution structure 
and ultimately the binding interface of the proteins 
[9], but has identified protein-protein interactions as 
extremely important targets for high-throughput drug 
screemng [10,11] 

Calmodulin (CaM) is a well known activator and 
regulator in a ntimber of Catll) dependent cellular 
functions [12], CaM binds Ca(n) into four binding 
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loops, and undergoes a conformational change ihai ex- 
poses criiical hydrophobic binding pockcci ihai can 
accommodate hydrophobic residues on oiher proteins 
[13,14]. In ihis manner, the Ca(Il)-acuvaied fcsrm of 
CaM is able lo associate wiih a number of imponani 
proteins, such as myosin light chain kinase (MLCK), 
various o^cr kinases and phosphatases, and several 
other smaller peptides, including the Ml 3 pepiidu, 
mehttm (Mel) and rnasioparan [4,15-20], The bind- 
ing of such species to CaM has been examined using 
a number of methods, including X-ray crystallogra- 
phy [21.22], nuclear magnetic resonance [23], surface 
plasmon resonance [4] and fluorescence spectroscopy 
[20]. 

A variety of antagonists are known to bmd to 
the hydrophobic domains of Ca(II)-aciivaxed CaM 
Typical antagonists are derived from phenolhiaiine 
species, and include ttifluoperazine, chlcjrpromazine, 
fluphenasdne, and acetopromazinc [24] . Another po- 
tent inhibitor is calmidazolium (compound R24571). 
Bindmg of such species by Ca(II)-activai©d CaM in- 
hibits the binding of specific bmding parmers such as 
MLCK or meliitin. These compounds can also disso- 
ciate intact CaM-protein complexes, leading to their 
potential use as drugs [24] 

In order to develop high-throughput screening 
(HTS) methodologies, it is necessary to be able to run 
a large number of assays smiultaneously using a lim- 
ited amount of reagents per assay. Furthermore, it is 
desirable to use assay fonnals thai involve reversible 
dissociation of protem-proicin inieracdons, allowing 
for the potential to reuse expensive proiem-based 
reagents. To achieve these goals, ii is useful to im- 
mobilize proteins, in their native conformalious, onto 
solid supports. The immobilization protocol can be 
used to retain protein-proiein interactions in a local- 
ized region, and if incorporated with a size-exclusion 
matrix, may allow passage of low molecular weight 
drug candidates imo the mamx while preventing 
leaching Of protem parmers. Such an immobilization 
scheme could also lead to long-term advancements m 
HTS based on affinity chromaiography [25] or prowm 
i microajray technologies [lO]. 

An emerging method for immobilization of pro- 
teins is their entrapment into a porous, inorganic 
sihcaie matrix that is formed via a low-iempcramrc 
sol-gel process [26]. Numerous reports have appeared 
describing both fundamental aspects of entrapped 



proteins, such as their function [27-37], structure 
[38-40], dynamics [41^3], accessibility [40,44], re- 
action kinetics [38,45] and stability [46-53], and their 
many applications for catalysis, sensmg, and af&nity 
chromatography [54], However, no reports yet exist 
describing the use of sol-gcl entrapped proteins or 
proiein-pepude mteractions for drug screening. 

In this wor^c, wc have examined the behavior of a 
model protem-pcptide interaction involvmg bovine 
calmodulin (bCaM) and melittin when «?ncrapped in a 
sol-gel derived glass, and the poicuaal of the immobi- 
lized complex to respond to drug candidates. Melittin, 
which is an active component of bee venom, is a 
canonic peptide composed of 26 amino acids with a 
molecubu: weight of 2840 [55]- The peptide contains 
a single uyptophan (Trp) residue which undergoes a 
significant change in emission properties upon bind- 
ing of the peptide to CaM [56], making it amenable to 
fluorescence-based studies of the CaM-Mel interac- 
tion. The presence of the Trp residue within melitmi 
also allows for a homogeneous time-resolved fluo- 
rescence assay of the bCaM-Mel interaction based 
on sensitization of long-lived Tb(in) luminescence 
from Tbcno^oaded CaM by the Tip residue of the 
peptide. Herein, we repon on tiie effect of entrap- 
ment on the complex between bCaM and mnhttin 
using both the mtrinsic ttypioj^ian (Trp) fluorescence 
signal of the peptide and sensitized Tb(lII) lumines- 
cence. We show that it is possible to entrap the intact 
proiein-^pude interaction into a sol-gel derived ma- 
terial, that the dissociation of the interaction can be 
distinguished spectroscopically, and that the entrapped 
complex can be modulated using known antago- 
nists, indicating that the entrapped protcin-peptide 
inieracuon can be used for sensing or screening of 
antagonists. 



2. Experimental 

2.7. Chemicals 

Tctraethyl onhosilicate (TEOS. -h99,999%), aciy- 
lamide (99%), icrbium(ni) chloride (hcxahydrate, 
99-9%), benzamadine, trifluoperazine (TFP), aceto- 
promazlne, chlorpromazine, fluphenazine, calrmda- 
zolium (compound R24571), and dipicolinic acid 
(DPA, 99%) were supplied by Aldrich, Riosphodi- 
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esierase 3',5'-cyclic nucleotide ac&vator from bovine 
brain (calmodulin, bCaM, -^95%), meliran (Mel. 
—85%) and polymeibacrylaic fluorijneter cuveiies 
were purchased from Sigma. Anhydrous calcium 
chloride (99-9%) was purchased from Fisher Sciendfic 
(Toronto, ON). Guamdine hydrochloride (GdHCl, Se- 
quanol grade) was purchased from Pierce (Rockford, 
EL). All waier was purified by reverse osmosis and 
de-ionized through a Milli-Q four stage v^aier purili- 
canon system. All other chemicals were of analytical 
grade and were used as received. 

2.Z Procedures 

2.2 J. Preparofion pfbioglasses 

TEOS was hydiolyzed as described previously 
13S]. Equal volumes of hydnolyzed TEOS and a 
Ca(II)-loaded PIPES buffer (10 mM PIPES, 100 mM 
KCl, pH 6,5) coniaimng 7.5 jjiM of bCaM and 7.5 jiM 
of melittin Cl:l molar ratio uxUess otherwise stated) 
were mixed, providing a total voloinc of 600 ^lI 
(2.25 nmol of each panner in cuvettes) or 2{X)^I 
(0,75 nmol of each parmcr m Q^-wcll plates). The 
plates and cuvettes were sealed with Parafihn™, and 
cuvettes were placed on their side and allowed to stand 
at room temperature until gelation occurred. A small 
hole was punched m the Parafilm^'^ to allow solvent 
to escape, and the resulting materials were aged in air 
at 4 'C for 15 days before fluorescence studies were 
done to prevent leaching of melittin. During this time 
the material shrank in volume by a factor of ^2 ow- 
ing to loss of internal solvenL Partially dried glasses 
aged in this manner have previously been shown to 
have average pore diameters of ca, 6-8 nm [57], with 
the pore volume being ^^50% of the total volume of 
the glass [26]. These pore sizes should be sulScient to 
allow dissociadon of the bCaM-Mel complex (X-ray 
crystallography indicates that the complex is rela- 
tively compact, being approximately 2imi in diameter 
[5$]). Based on these values, one can roughly csixmaic 
that the concentration of the bCaM and Mel in the 
glass are approximately double the iniaal concentra- 
tion (i.e. 300 fil of buffer arc added to form a 600 \d 
glass, which shrinks to ~300 ^1 total volume and has 
'^ISOfLl of internal solvent). However, given the in- 
accurate nature of tiiis estimate, all drugrproiein ratios 
are given as mole ratios, since these are itidependcni of 
volume. 



2.2.2. Characierwmon of emrapped bCoM-Mel 
interaction 

Steady-State fluorescence measurements of samples 
in cuvettes were perfonned using a SLM 8100 spcc- 
irofiuorimeier (Spectronic Instruments, Rochester, 
NY), as described elsewhere [38]. Trp emission spec- 
tra Irom the peptide were excited at 295 nm with 
emission collected from 305 to 450 tun when no 
TbdH) was present, or 305-560 nm for experiments 
involving Tb(in). All spectra were collected using 
4nm bandpasses on both the excitation and emis- 
sion motiochromators to avoid direct setisitization 
of TbCni) by Tyr-99 in binding loop m of bCaM 
(under these conditions the directly sensiti2Bd signal 
was < 4% of the signal obtained liom ihe bCaM-Mcl 
complex). Assays involving time-gaied detection of 
TbCni) luminescence were done in 96-well plates 
using a Spectramax Gemini fluorescence platereader 
(Molecular Devices. Suimyvale, CA). Excitation of 
Tip was done at 297 imi, with Tb(IIl) luminescence 
monitored at 545 nm using a 250 fis lime delay be- 
tween excitation and deiecuon of the emission. This 
instrument has fixed bandpasses of 9iim on the ex- 
citation and emission monocbromators, and in this 
case, the direcdy sensitized Tb(III) signal was 20% of 
the total Tb(in) signal obtained from die bCaM-Mel 
complex. All Tb(III) emission data obtained using 
the platereader were corrected for this background 
coniribaiion by usmg a Tb(ni)-loaded bCaM sample 
as a blank. The state of the complex was further as- 
sessed by fluorescence quenching studies. Free and 
enirapped corrq)lexes were titrated with aliquots of 
8.0 M acrylamide dissolved in PIPES buffer contain- 
ing a meial-ion concentration identical to that m the 
sample buffer, huegrazed emission intensities and/or 
intensity-weighted mean lifetimes were determined 
at various quencher concentrations, and the data was 
analyzed using the Stem-Volmer equation [59]. 

Time-resolved fluorescence intensiiy decay data 
of ihc Tip residue of melittin was acquired in the 
time-dotnain using a PTI laserstrobe iluorimeter (Pho- 
ton Technologies Inc., London, ON), as described 
elsewhere [60]. Samples were excited at 295 nm and 
the emission intcmiiy data was collected at 340 nm 
using 4nm bandpasses under magic angle conditions 
into 25 ps time windows, starting 2 ns before the laser 
pulse anrived and covering a 25 ns range. The instru- 
ment response ftmction was collected by measuring 
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ihc Rayleigh scaiiering of the laser pulse from water, 
and was used to dcconvoluie ihe instrumcni response 
from the experimentally dctcrmmed decay trace. Ap- 
propriate baseline offsei and lime-shift parameters 
were obtained by allowing these to be floating param- 
eters m the fit. The decay was fit to a discrete decay 
model using methods that are described elsewhere 
[60]. 

.2.2,3, DissocUmon studies 

Dissociation of the complex was anempied us- 
i ing pH, urea, GdHCl and temperamre changes, and 
j indicated thai reversible dissociation was possible 
\ using GdHCl. To dissociate the intact complex, the 
\ proiein-peptide interaction was incubated m 2 ml of 
j a soludon of 2.0 M GdHCl for 20min, Removal of 
{ the denaiurani by dialysis (for the free protem) or by 
I rinsing (for the entrapped protein) was done unul the 
J fluorescence emission spectra showed no shifts upon 
{ further dialysis or rinsing. Dialysis of species in solu- 
! tion was typically accomplished using five exchanges 
1 of 100 ml of fresh buffer over 24 h. For entr^pcd 
\ species full recovery was acconq>Ushed using five 
i rinses of 2 ml of fresh buffer with a 5min equilibra- 
' uon lime. Steady-state and ume-tesolved fluorescence 
;^as measured for the intact, dissociated and recov- 
ered complexes to determine the extent of dissociation 
^d recovery in solution and when entr^^)ed The 
kiaie of the con^lex was also assessed by monitoring 
the recovery of Tb(III) luminescence from a solution 
containing a molar level of 4:1 Tb:bCaM. 

2.2,4. Drug inieracnon studies 

All drug interaction smdies were done using a 1:1 
bCaM:Mel complex that had Tb(nD present at a 4:1 



molar ratio of Tb{III):bCaM. The drug compounds 
were added at mole zatios ranging from 2:1 to 20:1 
(drug:bCaM) to the intact conq>lex that was either 
in solution or entrapped into TEOS derived glasses 
present in the wells of a 96-well platcreader and incu- 
bated for 24 h to ensure that equilibrium was teached. 
The changes in the Tb(III) emission were monitored 
and corrected for direct Tyr-Tb(III) sensitization and 
for any quenching effects observed &om intciaciions 
of the drugs with the Tip residue of melittin. Esd- 
maicd inhibition constants {KO were obtained by first 
determining the total change in corrected fluorescence 
intensity between F^it (ininal intensity) and Ftmai (die 
fluorescence intensity at the point where the intensity 
change leveled oat). The drug concentration at which 
the fluorescence intensity had changed by one-half of 
lis final value was assigned as the value, assuming 
1;1 binding of the drug and the complex. 

3, Results and discussion 

5.7. Soluiion-based studies 

The flaorescence properties of the bCaM-Mel 
complex were first assessed m soludon id provide 
a basis for comparison to studies involving the en- 
trapped complex. Table 1 shows the steady-state and 
time-resolved fluorescence and quenching data for 
free melinin (widi and without GdHCl) and for the 
intact, dissociated and recovered complex of holo 
(Ca(n)-loaded) bCaM and melirdn. On the fonna- 
uon of a complex by addition of bCaM to the pep- 
ude, the Trp emission intensity of mehnin increased 
by approximately 30% and the maximum emission 



Table 1 

Flaorescence pn>pcni^ of intacu dissociated and ir-associaied calxnoduUnHnehnm in scriuaon 



Soliiuon 



Rclaavc izucmuiy (±0.05) t ± 03ns X (nm) ± 1 nm ^M"' s"^) ± 0.2 



Kauvc l OO* 3.39 335 0.S x 10^ 

PenamiwJ 0.57 2.35 345 4-1 x 10^ 

Recovered 0,91 3 26 335 05 x 10^ 

MthHin 0.77 345 5.0 x \&* 

McJirdn (GdHO) 0 92 2.10 345 "^"^ ^ 

P 0.40 2.30 345 5.0 x lO' 



* Ail inirnsity values arc relaiivc to ibc intcnsily obnutied for ttic nanve bCaM-Mcl (.-Omplex. 

^ Rccovci> of meliaiA by dialyals lod to oignificoac Mgi^ro^abOn of d^ pepcdc, oxul also led lo some I&acbing of ibe p^ddc. whicb 
lowered die final intcrnslty value. 
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wavelength of the Trp residue blue-ishifted by 
ca. 12nm. These changes reached a plaieau at a 
protein-peptide rado of 1:1 and are indicauve of ihe 
formaaon of an iniaci complex [61,62]. The fonna- 
tion of the complex also led to a decrease in the mean 
lifetime of Trp emission in roelitdn (by ca. 1 ns) and 
a decrease in the value by six-fold, indicauve of 
a more solvent-shielded Tip residue. The addiuon of 
Tb(III) 10 the holo-bCaM-Mel complex at a 4: 1 molar 
ratio (to fill all the CaM binding loops) resulted in 
intense Tb(in) lummescence when excited at 295 nm 
[63] (desctibcd in more detail later), while essenrially 
no Tb(in) luminescence was detected for the peptide 
alotie or in the presence of bCaM alone when excita- 
tion was done at 295 tim using 4 nm bandpasses. As 
indicated above, use of 9 tun bandpzuses (when using 
the platereader) led to direct Tyr-Tb{IIl) sensitization 
that produced a Tb(in) emission intensity that was 
—20% that of the intact complex. This value was sub- 
tracted from TbtHI) signals that were obtained from 
the bCaM-Mel complex to produce conectcd fluo- 
rescence values. Identical fluorescence studies carried 
out with apo calmodulin (formed using an excess of 
EGTA) resulted in no significant changes in fluores- 
cence properties upon addition of melinin, indicating 
thai the apo-bCaM and melittin were unable to in- 
teract and form a complex, consistent with previous 
reports [64]. 

Addition of 2.0 M GdHCl to the intact complex pro- 
duced a shift in the fluorescence properties, with val- 
ues comparable to the free peptide bcmg observed for 
the emission wavelength and bimolecular quenching 
race constant. The intensity and Ufetime values also 
shifted, however, they were not similar to those of die 
free peptide, but rather corresponded to the values ob- 
tained for meliidn in 2-0 M GdHCl (sec Table 1), indi- 
cating that the GdHCl must induce a structural change 
in the peptide that alters the Trp emission (this may 
be tetramer-monomcr dissociation, which is known to 
occor for mchttin) [65], The similarity in the fluores- 
cence parameters for the complex and the peptide in 
2.0 M GdHCl indicated that Uiis level of denaturant 
was sufficient to dissociate the complex, although it is 
not clear whether some residual interaction may have 
remained between the binding panners (see later). This 
concentration of denaturant also reduced the Tb(ni) 
signal to a value close to that of the peptide alone 
(<10% of full Signal), although the signal was not 



con^leiely eliminated, even at much higher GdHCl 
levels (8.0 M), possibly due to Tb(in) induced aggre- 
gation of the peptide [66] or incoruplete dissociation 
of the complex. 

Removal of the denaturant by dialysis resulted in a 
full recovery of the wavelength, mean lifetime and bi- 
molecular quenching late constant of the Trp residue 
to values that were within error of those of the ori^nal 
cotnplex. However, it was not possible to fully recover 
the intensity value for either the Trp or TbOH) peaks, 
likely due to dilution encountered during the dialysis 
stage of the procedure and/or leaching of a small frac- 
tion of the pepnde from the dialysis bag. Similar prob- 
lems were encountered when attempting to recover the 
fluorescence propenies of the peptide upon dialysis of 
GdHCL The results, shown in Table I, suggest that the 
pepdde likely leached from the dialysis bag and may 
have also underwent a conformational change leading 
to a lower emission lifetime. Despite these problems, 
the data clearly shows that several fluorescence pa- 
rameters are able to accurately follow the state of the 
complex, indicating that such signals shoiUd be able 
to repon on the state of the entrapped complex. 

5.2. Characterizanon of enirappiid complexes 

Fig. 1 shows the emission spectra of die native 
and denatured complex in solution as compared to 




300 325 350 375 400 425 450 



wavelengin (nm) 

Fig. 1. Sie;idy-su(e fiuorascence emission specrra of &ce and en- 
trapped bCaM^-mflimn complex in (tie nazzve and dcnamrod scucb. 
(A) napvc complCA. m SGldoon, (B> nanve complex cnmtpped in 
sol-gcl derived silicB, (Cj dcnaoned complex in liolulion. (D) d«- 
natored complex cmrappod in sol-gel derived ulica 



24 



K K flora a ai/Anaiyitca Chimica Acta 470 {2002) 19-28 



ihe entrapped complex in the native and denawred 
siaies, clearly indicadng ihai eninq}mcnt does noi sig- 
nificantly alter the spectral properdes of either state. 
In each case, the expected blue shift upon binding of 
melitiin to bCaM occurs, consisteni with the incerac- 
lioa of melimn with the hydrophobic binding pocket of 
CaM, ^vhich causes the Trp to move into a hydropho- 
bic region. This result suggests that the complex re- 
mains intact during entrapment and is not dissociated 
by the eihanol thar is present during the early stages 
of the glass formation [67]. The enirapmeni of either 
melitiin or the ^ form of calmodulm with mclitdn 
resulted in emission spectra that were consistent with 
the free peptide (i.e, no formation of a complex), as 
was found in solution. Fluorescence intensity, lifetime 
and emission wavelength for mehnin within glasses 
formed with varymg ratios of bCaM:mehcdn (0:1-2:1) 
indicated that complete formation of the complex was 
obtained at a molar ratio of 1:1 (results not shown), 
suggesdng thai the dissociation constam for the com- 
plex was not affected by entrapment in silica. 

Table 2 shows the sieady-siaie and lime-resoIvcd 
fluorescence and quenching data for the entrapped 
peptide and the intact complex together widi data for 
the denaruration and recovery of these species after 
15 days of aging. In comparing the emission prop- 
erties of the entrapped complex (nauve, denatured 
and recovered) to those of the complex m solution, it 
is apparent that the relative changes in fluorescence 
properties for free and entrapped species are similar 
in each case (within experimental error). These re- 
sults mdicate that fluorescence can be used to follow 
the state of the entrapped complex, and confirm that 
entrapment does not restrict the ability of the complex 
to undergo dissociation and reformation. This result 
also suggests diat the entrapped complex may be able 



to be reused muldple umes for screening or sens- 
ing purposes, resulting in a significant cost savings 
relative to the use of proteins in solutioiL 

The fluorescence propenies of entrapped raelit- 
tin (m the absence of bCaM) were also exammcd 
(Table 2), but in this case the fluorescence data for 
the entrapped species was often quite differenr than 
the values obtained m solution- For example, it was 
found that the emission intensity of the Tip residue 
of entr^ped melitiin in the presence of GdHCl was 
significantly lower than in soluuon, suggesting that 
the presence of silanol groups within the glass may 
have partially quenched the Trp fluorescence [68] 
(note that the intensity of recovered melitiin in so- 
lution is anomalously low owing id leaching of the 
peptide during dialysis). Furthermore, the bimolecu- 
lar quenching rate constant (Aq) values obtained for 
the entrapped peptide were typically much lower than 
the corresponding solution values, suggesting diar the 
peptide may have associated with die silica surface, 
thereby hindering the access of the acrylamide to the 
tryptophan residue. Overall, the results suggest that 
the presence of bCaM results in ahnosi complete alle- 
viation of elecirosiaucally-induced adsorption of the 
pepdde on the silica surface (as demonstrated by die 
better recovery of the entrapped complex relative to ; 
the entrapped peptide), suggesting that the denaturani 1 
does not fully dissociate the complex. / 

To further assess the state of the entrapped complex 
and move toward an assay method that was amenable 
to high-throughput screening, Tb(III) was added to the 
complex to derive a long-lifetime energy transfer sys- 
tem involving the Trp residue of melittin as the donor, 
and Tb(III) within CaM as the acceptor. In this system, 
intense TbcUI) luminescence should be observed for 
the intact complex, but not for the denatured complex 



Fluortf!n:Mi« propcnii^s of inxfmu diwociaicd and le^associated 


ciiluioduIin-nLcLiun cncriq)pecl in a soV-gel de'^ved mjcnx 


Entmpped 


Relanve inccnsiTy {.±0.05) 


r ±03nb 




Jtq (M-'s^*) ±02 
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100" 


2.85 
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0.5 x 10^ 


penanired 


0 55 


2.55 
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Recovered 


108 


3.01 
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03 X ICS* 


Melinui 


0 75 


4.51 


344 


3.3 X 10^ 


Mchom wiih GdHCl 


064 


2.15 


344 


2.8 X 10® 


MelftQn (ivcuvenxl) 


0 70 


4.10 


344 


3.9 X 10* 



* All miiGnsiiy vj4iia» are relaciw to ibc iniirn&iiy obtoinfid for the zumve bCoM-Mel complex. 
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Fig 2. Cmiiiston apecm Qf Tb(.iIl)-!oadcd bCaM-Mci oomplcAca 
c3iTrapp(Sd in a sOl-gel 4onvea gJa&n (A) naUvd complex (solid 
line), (B) diiootiattd complex (Cirokcn line); (C) reformocl complex 
(wild line) Note ttvaX lh9 specmun of mciinin alone i^ftS $inuUr 
lo the di:iSocialc3d complex, and is noc sbown. 

or for melinin aJonc. The daca shown in Fig. 2 confinns 
thai a leibimn signal could be seen for ihe iniact com- 
plex but noi for die denacured complex or for melixun 
alone, again indicating tfiat the cmrapped complex re- 
mained iniacT- The daia demonstrate that the GdHCl is 
able to enter the glass and at least partially dissociate 
the complex, resulting in a large change in the Tb(III) 
signal- It IS worth noting that the Tb(III) signal recov- 
ers 10 a value that is somewhai higher that ^e value 
obtained for the native protein (Fig. 2). Subsequent 
denaturation/recovery cycles consistently resulting in 
Tb(niJ signals that were similar to that obtained afu:r 
the inidal recovery cycle (data noi shown). The ori- 
gin of the ininal Tb(lll) intensity increase during the 
first denaturation/recovery cycle is unknown, bat may 
be due to a different conformation for the recovered 
complex relative to the nanve con^Iex, 

3 J. Screening of emmgonms using the 
enxrapped complex 

Having established that the enii^ment of a viable 
protein-popEide complex within a sol-gel derived 
glass was possible, our next goal was to demoi^trute 
diat such a conq)lcx could be used to detect species 
that aitt known to alter the stare of the complex. We 
therefore investigated the ability of the entrapped 
complex to respond lo several known calmodulin 



antagonists, incltiding calmidazolitmi (compound 
R24571, IC50 = 0-06-O_5^M) [69,70], fluphcnazine 
(IC50 = 11-19 |lM) [69,71], nifluopcrazine (IC50 = 
8-52 pM) [4,69], chlotpromaane OCjo = 1^28 p.M) 
[69] and aceiopromazine GC50 > 181 >iM) [72], 
as well as Benzamadine, which acted as a negative 
control. 

Fig. 3 shows the response of the Tb(III) lumines- 
cence signals upon addition of the drags to the intact 
complex in solution (pai^l A) and when entrapped into 
TEOS derived materials (panel B), respectively. These 
results are corrected for direct sensitization of Tb(III) 
luminescence by bCaM and for direct quenching of 
the Tb(III) luminescence by the drugs (which was typ- 
ically -clO%). The daui show that compound R24571, 
fluphenazine, infiuoperazine, chlorpromazine and ace- 
topromazine each resulted in significant changes in 
Tb(III) luminescence for both the free and entrapped 
complex. Furthermore, the negative control compound 
bcnzamadine resulted in no changes in Tb(in) lumi- 
nescence (within error) An important point u> note is 
that the initial Tb(IID luminescence intensity obtamed 
for entrapped proteins is often significantly higher than 
in solution (parucularly at low drug concentrations). 
The origin of this phenomenon is not fully understood, 
and is currendy under invesaganon. 

Table 3 shows the inhibition constants obtamed for 
the drugs using the Tb(III)-based assay in solution and 
for the entrapped complex, in comparison to literature 
values. The data clearly showed that the estimaied Ki 
values were in reasonable agreement with the literature 
values, indicating that the new screening method was 
able to accurately report drug-induced dissociadon of 
The protein-peptidc complex. It is worth noting that Ki 
values estimated for the entrapped complex were gen- 
erally within error of the values obtained in solution, 
showing thai the entrapped species were accessible to 
the drugs and were able lo tmdcrgo drug-induced con- 
formational changes. 

It should be noted that addition of many of the drugs 
to the complex resulted in an extremely large fluores- 
cence peak originating &om the drug, the magnitude of 
which often obscured the Tip emission spectrum. As a 
result, it was not possible to use steady-state Trp mien- 
sity or emission wavelength values as signals to follow 
the state of die complex. However, Tb(III) lumines- 
cence, monitored in a lime^resolved fashion (250 |is 
delay), was able to generate an intensity-bascsd optical 
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tOiM-Mirl (A> in soluDon and (B) caaoppcd in TBOS dmvea SihCA. 



signal that could follow the state of the complex with 
no interference from drug fluoicsccncc. Removal of 
drugs by dialysis resulted in full recovery of the Tb(III) 
signal for the entrapped species, confirming that the 
complex reassociated when the drug was removed, 
and thus could be reused. The results presented above 



also suggest that entrapped protein-protein complexes 
may be able to be ^plied as biorecognition elements 
for sensors. Such compounds could be poiendal mu- 
tagens and/or cellular pathway inhibitors, and as such 
would benefit from the development of sensing plat- 
forms based on protein-protein interactions. 
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Table 3 

Inhibidon ccKibUnts obiaifiect for ajiiagomsc tndiioo4 di2i&oci2idoa of ihtr uJraoduliA<-n)^(an c^Ni^ilex m sxAaum azid ^bea enmpped in a 
sol-gel derived gi:t^ 



Compound 






ICso Conir^pcd, fJiM) 


CalTOOdwoUum tR24571) 


0.06-0^ [69,70] 


<0J 


<0 5 


plgphrnaTine 


IM9 [69,71] 


11 ± 2 


14 * 5 


Ttxfluopcrazmc 


8-52 [4.69J 


12 ±3 


25 6 


Cnlorpromamc 


18-56 [69,721 


28 ± 12 


36*9 


Aoetioproiiiazme 




70 ± 25 


70*25 


Benzanuidiiur (COfUTOl) 


NB 


NB 


NB 



NB: no bmding* 



4. Conclusions 

Wc; have demonsiraied ihac ii is possible lo ernrap 
an iniact proiein-^ptide inieraciion into a solr-gel 
deiived mat^nal, and chat such complexes can be dis- 
sociated by aniagonists wixb Ki values sinuiar lo ihose 
obcained m solution, and reformed by simply linsmg 
the drug away. Fluorescence spectroscopy was shown 
to be $ble lo follow the state of associaaon of the 
complex, demonsiraiiiig the advantages of transpar- 
eni silica based glasses for spectroscopic studies. We 
also show thai it is possible to utilize energy transfer 
from the Trp of the peptide to Tbcm) that is bound by 
calmodulin, producing a very sensitive means of as- 
sessing the stale of the complex, Luminesconcc decay 
of lanthanides generally occurs on the miilisecond 
lime scale, making u possible to develop a sensitive 
assay for assessing the state of the complex using 
Time-gated detection to remove back^ound interfer- r 
ences, as demonstrated herein. The ability of small; 
molecule inhibitors to enter the glass and reversibly| 
dissociate the complex indicated that the entrapped^ 
complex Is suitable for screening of antagonists in a 
high-throughput foimai. 
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